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Preface
The current theoretical model that describes the interactions between elementary particles,
the so-called Standard Model, is very successful: it is capable of predicting outcomes of ex-
periments with high accuracy. Even so, the theory is not complete, as gravity is not included.
Thus, at a high enough energy scale the theory will break down. But for lower energies, such
as those accessible to current accelerators, there is only one last missing piece: a mechanism
to incorporate the masses of the fermions and those of the propagators of the weak force
(the W± and the Z boson) has not yet been established experimentally. The most favourite
theoretical scenario, and part of the Standard Model, is the Higgs mechanism.
The Higgs mechanism works by adding a universal, omni-present field, the Higgs field,
to the theory. Particles acquire mass through interaction with this field. The existence of
the Higgs field can be experimentally verified through another consequence: the excitation
of the field which manifests itself as a massive particle known as the Higgs boson. The
theory can not predict the mass of the Higgs boson, but if the Higgs mechanism is to fit into
the Standard Model, it should be less than roughly 1 TeV/c2. The Large Electron Positron
collider (LEP), located at the European Laboratory for Particle Physics (CERN), has already
set an experimental lower limit on the Higgs boson mass. Based on direct searches with this
collider, the mass is expected to be larger than 114.1 GeV/c2 at the 95% confidence level.
The Large Hadron Collider (LHC), a new machine that is currently under construction at the
CERN and is scheduled to start data taking in 2007, will allow for a systematic search for
the Higgs boson up to an energy scale of a TeV. One of the detectors that will be used in this
search is the Atlas (an acronym for ‘A Toroidal LHC ApparatuS’) detector.
Over a large part of the range of possible values of the Higgs boson mass, the most
promising decay channel for discovery is the decay into two Z bosons, where each Z subse-
quently decays into a lepton pair. The expected background in this channel is rather small.
A discovery through the reconstruction of a Higgs mass peak is possible if the lepton pairs
consist of electrons or muons. The Atlas detector will therefore have excellent lepton identi-
fication and lepton reconstruction capabilities, to take maximum advantage of this channel.
Atlas has two subdetectors that can detect muons and measure their parameters: the inner
tracker and the muon spectrometer. If measurements from one subdetector can be matched
with measurements from the other subdetector, then the two can be combined to obtain the
best possible overall reconstruction of the muons. The COmBined muon Reconstruction
for Atlas (COBRA) package accomplishes just that and is the subject of this thesis. With
the improved measurements of the muon parameters, the reconstruction of the Higgs boson
v
mass peak will be more accurate and background reduction will be more effective. In other
words, a discovery is possible after less data taking.
There are three main parts to this thesis:
• Introduction. This part consists of an overview of Higgs physics (Chapter 1) and
of the LHC proton-proton collider and the Atlas detector (Chapter 2). It provides
the reasons for the development of a combined muon reconstruction package. The
concepts of the reconstruction of charged particle tracks are laid out in Chapter 3,
which presents the terminology used in the subsequent chapters.
• COBRA. This part describes the COBRA package (Chapter 4), its method, algorithms,
and those parts of its implementation that are relevant to this text. A prediction of
the performance of the COBRA package is estimated with single-track Monte Carlo
simulation studies (Chapter 5).
• COBRA results. This part presents the results of the application of the COBRA package
to test beam data (Chapter 6) and Monte Carlo simulation of Higgs physics in the full
Atlas detector (Chapter 7).
An outlook on the expected impact of the latest changes in the Atlas detector on com-
bined muon reconstruction and on the future use of the COBRA package within the Atlas
offline software is presented in Chapter 8. This thesis is concluded with a summary of the
results.
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CHAPTER 1
The Standard Model Higgs Sector
The Higgs mechanism is introduced and those decay channels of the Higgs boson that are
most important experimentally are discussed. Further, the requirements on a detector that is
to be used for the discovery of the Higgs boson in these channels are described.
1.1. The Standard Model
The world we live in is built up of molecules and atoms. Molecules are constructed from
atoms, and atoms are made of nuclei of protons and neutrons encircled by electrons. The
proton and neutron consist of up (u) and down (d) quarks (the valence quarks) engulfed in a
sea of (anti-)quarks and gluons. The electron has a partner, the electron-neutrino (νe), which
plays a role in radio-active decay. The electron, the electron-neutrino, the quarks, and the
gluons are, to our present knowledge, elementary particles. That is not the full story, though:
for some reason, our world is tripled. The electron has two heavier brethren, as do the up
and down quarks1):
Quarks up (u) charm (c) top (t)down (d) strange (s) bottom (b)
Leptons electron (e) muon (µ) tau (τ )
νe νµ ντ
Table 1.1: Elementary particles, quarks and leptons.
Elementary particles interact through forces, which allow them to form larger structures.
There are four known fundamental forces:
• Electromagnetic. Mediated by the photon (γ), this force is experienced by all charged
particles. It has, in principle, infinite range, but is usually neutralised by opposite
charges. The electromagnetic force binds the electron cloud to an atomic nucleus.
1)Full details on the properties of these particles can be found in e.g. Groom et al. (2000).
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• Weak. Mediated by the massive W± and Z bosons, this force acts on all quarks and
leptons. It has only a short range due to the mass of the mediators. The weak force is
responsible for radio-active decay and for the nuclear fusion in the sun.
• Strong. Mediated by the eight gluons (g), this force is felt by all particles that carry a
colour charge. These are the quarks, but also the gluons themselves. Because of this
self-coupling and the intrinsic strength of this force, the range of the strong force is
confined to short distances. The strong force binds quarks into larger structures such
as the proton.
• Gravitational. Supposedly mediated by the graviton, this force is present between
all particles, but is for most practical purposes too weak to play a role in high-energy
physics. It is infinite in range and, because it is not shielded in any way, the most
important force at cosmic scales.
The Standard Model is the theoretical description of the elementary particles and the first
three of these fundamental interactions (see textbooks such as Halzen and Martin (1984);
Peskin and Schroeder (1995) for details). An important ingredient of the Standard Model is
a mechanism that incorporates the masses of the fermions and those of the W± and Z bosons
without violation of unitarity for scattering probabilities at high energies. The preferred
method, and the topic of the remainder of this chapter, to accomplish this is through the
so-called Higgs mechanism (Higgs, 1964, 1966).
In the Standard Model, the elementary particles and their interactions are represented as
fields. The state equations of the particle fields are then determined from a Lagrangian den-
sity distribution, or Lagrangian for short. The transformations under which the Lagrangian
is invariant form symmetry groups. The symmetries constrain the interactions of particles,
thus they effectively set the properties of each of the fundamental forces. The symmetry
group transformations are constructed from a finite set of generators and parametrised with a
coefficient for each generator. For example, the field equations of the electromagnetic inter-
action exhibit invariance under the U(1) symmetry group, where the complex phase of the
particle field is the coefficient that parametrises the transformations. The coefficients can be
chosen arbitrarily, since the transformations leave the Lagrangian invariant, and, once fixed,
are said to gauge the theory. If the coefficients have no space-time dependence, it is a global
gauge, otherwise it is a local gauge.
Invariance of the Lagrangian under a local gauge is a stronger constraint than invariance
under a global gauge. The Standard Model is based on local gauge symmetries. The require-
ment of local gauge invariance implies the inclusion of extra fields into the Lagrangian, to
‘connect’ space-time points with a different local gauge. These fields are the so-called gauge
fields and are part of the propagator term in the Lagrangian, which is a covariant derivative
that works on the particle field. Under a gauge transformation, the gauge field then compen-
sates for changes in the Lagrangian that arise due to the space-time dependence of the local
gauge.
In the case of the electromagnetic and strong (with SU(3) as underlying symmetry
group) forces, the gauge fields are readily identified as the fields that describe the photon
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and the gluons, respectively. Such is not the case for the weak force, which is governed by
the SU(2) symmetry group. Its mediators, the W± and Z bosons, are massive particles and
thus require a mass term for the gauge field in the Lagrangian. Such a mass term, however,
explicitly breaks the local gauge invariance. As a consequence, when a Lagrangian with such
mass terms is used to compute observable quantities, it results in non-physical values. The
introduction of a cut-off value to constrain divergences, a process known as renormalisation,
does not solve the problem: a separate cut-off value would be needed for each interaction
that involves a different number of massive propagators. A solution to the problem is found
in the Higgs mechanism of spontaneous symmetry breaking.
1.2. The Higgs Mechanism
A vacuum potential with identical symmetry properties as the Lagrangian can be added to
it without breaking the global gauge invariance. Such a potential may have one or more
ground states that do not reflect the symmetry. Take for example a potential in the shape of
a Mexican hat (illustrated in Fig. 1.1), which is rotationally invariant around its centre. If,
V
Figure 1.1: A vacuum potential shaped like a
Mexican hat.
however, the centre of the hat is high enough,
then it is the ‘valley’ in the brim of the hat that
represents all states of lowest energy and a sys-
tem that occupies one of these states does not
exhibit the rotational invariance anymore. A
theory that includes such a vacuum potential is
said to have a hidden or spontaneously broken
symmetry. One of the possible ground states
is chosen and the Lagrangian is transformed to
this state by translation of the fields. In the
case of a vacuum potential that has a Mex-
ican hat shape, the translated field will have
two modes: a radial (in the direction of the
hat centre) and an azimuthal (along the brim)
mode. The first mode has mass-like properties,
whereas the other mode is massless since the potential along it is flat. If, alternatively, the
potential is complex, then there will be one massive and three massless modes. The exis-
tence of such massless modes is a consequence of Goldstone’s theorem (Goldstone et al.,
1962), which states that for every degree of freedom of each spontaneously broken continu-
ous symmetry, there must be a massless scalar state. These states are therefore referred to as
Goldstone bosons.
The Higgs mechanism breaks the SU(2)⊗ U(1) symmetry of the unified electroweak
force by the addition of a complex scale field with a potential similar to the Mexican hat
shaped one above. The addition of this vacuum potential then yields a massive scalar state
and three Goldstone bosons. The massive scalar state is the Higgs boson. The requirement
of local gauge invariance of the electroweak Lagrangian yields four massless gauge fields.
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One, here referred to as the A-field, from the U(1) part2) and three, the B-fields, from the
SU(2) part of the group.
A gauge (a point in the valley along the brim of the hat) is chosen such that the Goldstone
bosons dissappear: theA andB-fields are mixed to yield the Z boson and the photon, as well
as the W± bosons, each with its proper mass. Effectively, the Goldstone bosons become the
additional degrees of freedom that massive vector bosons have over massless ones (that is,
the longitudinal polarisation), such that the translated Lagrangian in the new minimum has
as many degrees of freedom as the original one. The choice of gauge is based on two param-
eters: the two coupling strengths, which are established experimentally. Or, equivalently, the
Weinberg weak mixing angle and the vacuum expectation value. The former determines the
amount of mixing of the A-field and the first of the B-fields that yield the Z boson and the
photon, the latter is the ‘radius’ of the circle of lowest points in the brim of the Mexican hat.
m   = 175 GeV/ct
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Figure 1.2: The theoretical constraints on the Higgs bo-
son mass as a function of the energy scale Λ up to which
the Standard Model is assumed to be valid (Hambye and
Riesselmann, 1997). The thickness of the bands indi-
cates the theoretical uncertainties.
Thus, with the Higgs mechanism in
place, the theory can incorporate mas-
sive particles without loss of the local
gauge invariance. Furthermore, it turns
out that the theory is now renormal-
isable (’t Hooft, 1971a,b). After all,
the symmetry is not gone, it is merely
hidden. Consequently, the theory can
be used to predict physical quantities
which can be verified through experi-
ment. In particular the prediction of a
Higgs boson that couples to other parti-
cles with a strength that is proportional
to the mass of that particle needs to
be established experimentally. The dis-
covery of a boson with the right prop-
erties would prove the validity of the
Higgs model.
The properties of the Higgs boson
are fixed by its mass (mH), given that
the couplings are predetermined by the
known particle masses. The theory,
does not predict mH. For this, both the
depth and the width of the vacuum potential need to be known, but at least one of these
is a free parameter of the theory. It is, however, possible to derive several constraints as a
function of the energy scale Λ up to which the Standard Model is assumed to be valid. These
limits are graphically displayed in Fig.1.2.
Similarly to the fermion masses, the Higgs mass is determined by its self-coupling. That
is, the self-coupling is larger for higher values of the Higgs mass. If this self-coupling be-
2)The A-field is not the photon-field. The U(1) part of the SU(2)⊗ U(1) group does not map one-to-one onto
the electromagnetic U(1) group; they have different generators (electromagnetic charge v.s. weak hypercharge).
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comes very large, it will be impossible to use perturbative computations to make predictions
within the context of the Standard Model. If this is then interpreted as meaning that the
Standard Model loses its validity at these high energies, then the argument can be turned
around: the requirement that the Standard Model is valid up to a given scale Λ sets an upper
boundary on mH (Cabibbo et al., 1979; Dashen and Neuberger, 1983). In this way, an upper
limit of ∼700 GeV/c2 may be set, assuming new physics at Λ ≈ 1 TeV. Alternatively, if the
validity of the Standard Model stretches all the way up to the Planck scale3) (∼1019 GeV,
which is, from an experimental point of view, infinity), then the upper limit on the Higgs
boson mass is ∼180 GeV/c2.
A lower limit on the Higgs boson mass may be set by the requirement that the Higgs
vacuum potential is either stable, or metastable with a lifetime larger than the age of the uni-
verse (Espinosa and Quiros, 1995). The lower bound is strongly dependent on the top quark
mass: its large value makes the vacuum potential unbound from below. This is compensated
by the Higgs self-interaction, if it is large enough. That is, if mH is large enough and thus
the lower bound follows.
Figure 1.2 shows a remarkable feature: if the Higgs boson exists and if its mass lies
somewhere in the 150–180 GeV/c2 range, then the Standard Model could actually be valid
up to the Planck scale.
Experimentally, constraints come from high precision electroweak data from the Large
Electron Positron collider, LEP (Laboratoire de l’Acce´le´rateur Line´aire, 1983; European
Laboratory for Particle Physics, 1984), and from direct searches at the LEP2 (LEP2 Team,
1996), which has a centre of mass energy of more than twice that of the LEP. The LEP
data on Z decays and the measurement of the W± mass at the LEP and that of the top mass
at the Tevatron (a 2 TeV proton-antiproton collider at Fermilab, Chicago), respectively, are
sensitive to radiative corrections that depend on mH. A fit on this data with mH as a free
parameter yields Fig. 1.3 (A), and a value for mH of 98+58−38 GeV/c2 at the 95% confidence
level. The direct searches at the LEP2 yield a lower limit of mH > 114.1 GeV/c2 at the 95%
confidence level (Aleph, Delphi, L3, and OPAL Collaborations, 2001).
A set of candidate events from the LEP2 put mH at 115.6 GeV/c2, although this possible
signal has a limited statistical significance. This is shown in Fig. 1.3 (B) which plots the
probability density for the background only (dashed) and signal plus background (dash-
dotted) hypotheses as a function of the likelihood discriminator. The likelihood ratio, Q,
is defined as the ratio between the likelihood of signal plus background and the likelihood
of background only (Ls+b/Lb). The likelihood of signal plus background depends on the
actual mass of the Higgs boson, since the event signature depends on it, thus the probability
density distribution is different for different hypotheses for mH. The light shaded area is a
measure of the compatibility with only background, the dark shaded area is a measure of the
compatibility with signal plus background for a value of mH = 115.6 GeV/c2. Although the
data seems to indicate a signal, the significance is by far insufficient to claim a discovery.
In the near future, direct Higgs boson searches will continue at the Tevatron, which has
recently been upgraded and will receive another upgrade in a few years from now to allow for
3)Where the strength of the gravitational force is of the same order of magnitude as the other fundamental forces.
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Figure 1.3: Global fit to the Standard Model as a function of mH on electroweak data and measure-
ments of the top mass (Tournefier, 2001). The dotted line uses more theoretical inputs on the computa-
tion of the contribution to αQED (the Quantum Electro Dynamics coupling strength) of hadronic loops
at low energy, left. Probability density as a function of the likelihood ratio (Q) corresponding to a test
mass mH = 115.6 GeV/c2 (Aleph, Delphi, L3, and OPAL Collaborations, 2001), right.
even higher event rates (Church, 2001). Still, depending on the total amount of data that is
taken, its Higgs search range will be limited to at most 180 GeV/c2 (Carena et al., 2000). A
new accelerator, the Large Hadron Collider (LHC, see Section 2.1), a 14 TeV proton-proton
collider that is currently under construction, will cover the full range required to confirm (or
exclude) the Higgs mechanism.
1.3. Higgs Production and Decay Channels
This section considers the Higgs production at the future 14 TeV proton-proton collider and
gives an overview of those Higgs boson decay channels with the largest discovery potential.
1.3.1. Production
A Higgs particle can be created from the fusion of beam particle constituents, from the
fusion of heavy particles produced at the collision, or it can be radiated off a massive virtual
particle. In Fig.1.4, the first process (A) is referred to as direct production, whereas the other
processes (B-E) are referred to as associated production. The distinction is important: the
final state of associated production will also contain the signatures of the two quarks or the
massive vector boson that radiated the Higgs. Their experimental signatures can be used as
a label in the search for Higgs events.
For the 14 TeV proton-proton collider, the dominant process for Higgs production is
gluon fusion (see Fig.1.5), i.e. the direct production process (Fig.1.4, A). The Higgs boson
1.3. Higgs Production and Decay Channels 7
does not couple directly to the gluons. Instead, the coupling is mediated by a quark loop,
which is most often a top loop, as the Higgs-quark coupling is proportional to the quark
mass. The Higgs production cross section from weak boson fusion is typically an order of
magnitude lower than gluon fusion. At higher Higgs masses, however, it becomes important,
because of the decrease in cross section for gluon fusion. The Higgs-strahlung production
processes have even lower cross sections, but the associated W± or Z can decay into leptons,
which allows for effective tags.
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Figure 1.4: Feynman diagrams of the main Higgs production processes: gluon fusion (A), WW and
ZZ fusion (B), W± and Z Higgs-strahlung (C), qq¯ fusion (D), and Higgs-strahlung of a top or bottom
quark (E).
Protons are not elementary particles. A hard proton-proton collision is actually a colli-
sion between proton constituents or partons (i.e. quarks and/or gluons), which carry only a
fraction of the proton total momentum. The momentum distributions of the partons inside
the proton have been probed with highly energetic electrons and positrons, in dedicated ex-
periments. The results are quantified in so-called structure functions. The production cross
sections as displayed in Fig.1.5 depend on the number of partons available at those momenta
that are required to create a Higgs boson. For this figure, the parton density distribution
parametrisations of CTEQ4 (Lai et al., 1997) were used, which are based on all available
data for structure functions, and describe these well. Different models give slightly different
results, but the broad characteristics of the production cross sections remain the same.
1.3.2. Decay
The Higgs boson coupling to a particle is proportional to the mass of that particle, thus its
main decay channels are to the most massive particles, insofar as the decay is kinematically
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Figure 1.5: Higgs production cross sections for a 14 TeV proton-proton collider, from Spira (1997).
allowed. Because of the latter constraint, certain decay possibilities open up only if mH is
larger than the kinematical threshold as can be seen in Fig.1.6. Note in particular the opening
of the WW channel, which causes a dip in the branching ratio of the ZZ∗ channel and the
subsequent opening of the ZZ channel which re-establishes the decay into both WW and ZZ.
The massive decay particles usually have short life times themselves, thus it is only their
decay products that are detected. The signatures of these decay products fall in roughly
four categories: charged tracks (e.g. electrons, muons), jets (e.g. quarks, hadrons), electro-
magnetic showers (e.g. photons, electrons), and missing transverse energy (e.g. neutrinos).
With the exception of the H → γγ channel, the search for Higgs boson events starts with
the reconstruction of the intermediate particles from such signatures. The Higgs boson itself
is then reconstructed as a mass resonance, either from the final decay products or from the
reconstructed intermediates. The most promising channels are those where the final state
of the Higgs event stands out clearly against the huge background of soft (hadronic) events.
This limits the ability to discover the Higgs in several of the existing channels.
The prime signature of the Higgs boson if its mass is low (mH < 150 GeV/c2), is a two-
jet event. These jets originate from the quarks, the gluons, or the hadronic decay of the
τ leptons that where produced in the Higgs boson decay.4) A significant fraction of the τ
leptons (∼34%) decays to muons or electrons, which result in isolated, charged tracks. The
c and b quarks and the τ lepton travel a measurable distance before they decay. This feature
can be used as a tag by searching for secondary vertices with a large impact parameter.
4)The decay into gluons requires a quark loop, as gluons are massless and thus do not couple directly to the Higgs
boson.
1.3. Higgs Production and Decay Channels 9
B
R
(H
)
bb
_
τ+τ−
cc
_
gg
WW
ZZ
tt-
γγ Zγ
mH (GeV/c2)
50 100 200 500 1000
10
-3
10
-2
10
-1
1
10 2 10 3
Figure 1.6: Branching ratios for Higgs boson decay, from Djouadi et al. (1997).
Events with two (or more) jets are very common (e.g. gluon-bremsstrahlung, quark pair
creation) and thus form a huge background.
The much rarer decay of the Higgs boson into two photons results in two electromagnetic
showers. The decay into Zγ results into an electromagnetic shower from the photon and a
pair of jets or charged leptons from the Z (see below). A continuum of photon pairs is formed
through quark-antiquark annihilation and gluon fusion. Furthermore, protons (that is, their
quark constituents) are charged particles that interact electromagnetically and thus produce
photons through bremsstrahlung. The production cross section of these continuum processes
is of the order of 1 pb/GeV in the two-photon mass range around mH ≈ 100 GeV/c2 (i.e. a
total of ∼10 pb), whereas that of the H→ γγ signal is about 40 fb.
If the Higgs boson has a high mass (mH > 150 GeV/c2) it will mainly decay into WW,
ZZ, or t¯t. The main decay mode of the Z boson is hadronic (70%), typically resulting in two
jets. A large fraction of the leptonic decays are to two neutrinos, which are invisible. Decays
to pairs of electrons, muons, or τs make up 10% of the total. The decay pattern of the latter
has been described above, whereas the former two do not decay within the experimental
setup: they leave a charged track. The W± boson decays mainly to hadrons as well (69%).
The remaining leptonic decays are not to pairs, but always to a neutrino and a charged lepton
because of charge and lepton number conservation. The neutrinos will result in missing
transverse energy. The top quark decays mainly into a W± and a b quark, thus a t¯t pair results
in a six-jet event (two jets from the b quarks and twice two jets from the hadronic decay of
the W±s). The main backgrounds for each of the channels are their continuum counterparts.
The WW continuum is of the order of the WW signal, but the ZZ background is an order of
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magnitude smaller than the signal (∼0.02 fb/GeV v.s. a few fb). The t¯t continuum is much
larger than the t¯t signal and is, through rarer decay modes combined with a large number of
events, a significant background for the WW and ZZ channels as well.
1.4. Higgs Detection
This section takes the experimental signatures of the Higgs decays that were presented in
the previous section and discusses the potential of detecting the Higgs boson in each of the
mentioned channels. The Higgs boson signal needs to be extracted from a background that
may be several orders of magnitude larger. This puts strict requirements on the detectors that
are to be used. The channels that are the most promising experimentally are described in
more detail. Of these, the Higgs to four leptons channel covers the largest Higgs mass range
and it is this channel for which combined muon reconstruction, the subject of this thesis, is
most important.
1.4.1. Standard Model Background
There are two kinds of background: non-signal events with the same experimental signature
and misidentifications by the detector. The latter is set by the quality of the detector and is
therefore to a certain extent controllable. The former may be reduced by the application of
constraints on the experimental signature in the final analysis (e.g. constraints on the total
energy of a jet or on the impact parameter of a charged track). It is, however, not always
possible to reduce the background sufficiently to obtain a signal with statistical significance.
In particular, all Higgs boson decays that have a two-jet final state are ruled out because of
the huge background. If, however, the Higgs boson was created through one of the associ-
ated production processes, then the numbers become more favourable. For example, if the
Higgs boson is created in association with a top quark pair, then the background (top quark
pair production with two additional jets) is only a factor of 3 larger than the signal. Further-
more, the accompanying quark pair or vector boson can be well identified experimentally, in
particular if the latter decays leptonically (e, µ).
The charged tracks that result from leptons, especially if the lepton has a large transverse
momentum and/or is isolated, and the missing transverse energy because of a neutrino that
has escaped, yield very effective means to flag events as interesting. Clearly, then the most
effective selection is for those events where the Higgs boson decays into a WW or ZZ pair.
The cleanest signal by far is the final state of the H → ZZ(∗)→ 4` decay mode: there are
four leptons available for tagging and the cross sections for other processes that produce
the same final state are an order of magnitude smaller if for the four-lepton invariant mass
only a window around the Higgs boson mass is considered. This channel covers most of the
100 GeV/c2–1 TeV/c2 range5) inmH, with the exception of a gap aroundmH ≈ 170 GeV/c2,
where the Higgs decays resonantly into WW and thereby suppresses the H→ ZZ(∗) channel.
For low values of mH, the H→ ZZ(∗) branching ratio decreases rapidly and for high values,
5)The experimental lower limit on mH from LEP is 114.1 GeV/c2 (see the end of Section 1.2).
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this channel is effectively rate limited because of the reduced production cross sections. It
is therefore necessary to consider other decay channels for the low and high energy regions
of possible values of mH. The best candidate for the range of low values of mH is H→ γγ,
where the Higgs mass signal stands out as a peak on top of the γγ continuum background.
If the Higgs boson mass is close to 1 TeV/c2, then the combination of several channels from
the associated production is needed to establish a statistically significant signal.
The next few sections describe in more detail the H→ ZZ(∗) decay and the most promis-
ing channels for the high and low range in mH.
1.4.2. Higgs to four Leptons
This channel becomes important at a Higgs mass of ∼120 GeV/c2. The Higgs boson decays
into two Z bosons, which each decay into two leptons (see Fig.1.7). If the Higgs boson is not
massive enough, one or both of the Z bosons will be virtual. The most promising channels
are those where the Z bosons decay into electrons or muons. Although τ leptons can be
used, the reconstruction of a Higgs mass peak from Z→ ττ decays is difficult and relatively
inefficient, because of the presence of neutrinos which escape detection. Furthermore, the
efficiency of identifying a τ -pair is rather low. Therefore, only the decays into muons and
electrons, and the backgrounds that affect these channels, are considered here.
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Figure 1.7: Leading order Feynman di-
agram for H → ZZ(∗)→ 4` decay, from
direct production.
The branching ratio is strongly dependent on the
actual Higgs mass. If the Higgs mass has a value
around 170 GeV/c2, then the branching ratio of H→
ZZ(∗) is suppressed (see Fig.1.5), as at twice the mass
of the W± the most likely decay mode is to two real
W±s. The result is a dip in the discovery potential,
which may be partly filled by the H→WW→ `ν`ν
channel as described in Jakobs and Trefzger (1999).
The H→ ZZ(∗)→ 4` channel is rather clean and
it is therefore referred to as the ‘Golden Channel.’
Consequently, Higgs bosons from direct production
can be observed. The main background comes from
the ZZ and γγ continua, followed by leptonic decay
and pair production respectively. For 2mZ < mH, this irreducible background is actually
smaller than the signal. If mH is below 2mZ, then there are additional, reducible types of
background to consider: t¯t and Zbb¯ events that result in a four lepton final state. The former
dominate because of the large top production cross section, the latter are harder to reject
because of the real Z in the experimental signature.
The analysis requires both high quality lepton identification, lepton trajectory reconstruc-
tion, and lepton momentum resolution from a detector. The former two are needed to find
the four lepton signature and the latter is important in order to be able to reconstruct the
intermediate (real) Z bosons.
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1.4.3. Higgs to two Photons
The Higgs boson does not couple directly to photons, which are massless particles. The
H → γγ decay is however possible through a W± boson or top quark loop, see Fig. 1.8,
where the Higgs couples to this virtual W± boson or top quark which in turn couples to the
two photons. The branching ratio is small, but it suffers less from background processes
than the H → bb¯ decay in associated production and it is therefore the preferred channel
if the Higgs mass is in the range of 100–150 GeV/c2. Although the dominant production
process for light Higgs bosons is gluon fusion by far, it is also interesting to look at the γγ
decay mode for the case of the associated production. In fact, if the associated W± or Z
boson decays leptonically, the (isolated) lepton can be used to find the decay vertex, yielding
a better mass resolution than what is possible for the direct production.
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Figure 1.8: Leading order Feynman diagrams for H→ γγ decay.
The main background is the prompt γγ continuum, which is irreducible, but can be sub-
tracted. Reducible backgrounds come from misidentification of jets and from misidentified
electrons from Z boson decay. The latter are only a problem if mH ≈mZ, which is ruled out
by the LEP results (see Section 1.2). In the analysis, only simple kinematic constraints on
the transverse momentum of the photons are applied. A photon that traverses material may
be absorbed and subsequently knock a high energy electron out of the material. If this hap-
pens before the photon is detected, then the electron is observed instead. Similarly, a high
energy electron may lose a sizable fraction of its energy by the emittance of a bremsstrahlung
photon. Both processes lead to misidentification of photons.
It is the reducible background that puts strict constraints on the detector. For a general
purpose detector, the ability to reconstruct photon conversions is required, as well as a good
electron identification. Furthermore, the reconstruction of the energy and the direction of the
photons should be of high quality.
1.4.4. Heavy Higgs Boson
Around mH = 700 GeV/c2, the ‘Golden Channel’ closes because of the reduced number
of events at such high energies (for a 14 TeV proton-proton collider, see Fig. 1.5). Sev-
eral channels with larger cross sections are considered, even though they suffer from large
QCD (Quantum Chromo Dynamics) backgrounds: H→ ZZ→ ``jj, H→WW→ `νjj, and
H→ ZZ→ ``νν (see Fig. 1.9). This last channel has only a sixfold larger rate, but it has
a large missing transverse energy6) signature, which can be exploited if the detector has a
6)If a particle traverses the detector without leaving a trace, the total sum of momenta is found to be non-zero.
The energy corresponding to the particle is said to be ‘missing.’ A proper definition is given in Section 2.2.
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Figure 1.9: Leading order Feynman diagrams for some of the decay channels for a heavy Higgs boson:
H→ ZZ→ ``jj, H→WW→ `νjj, and H→ ZZ→ ``νν.
complete measurement of the energy flow without holes. The leptons in the channels provide
additional handles for experimental identification.
The main sources of background for these channels consist of the WW, WZ, and ZZ
continua, which are of the same order of magnitude as the signal, as well as t¯t, Zjj, and W±jj
events, which are three orders of magnitude larger. The reconstruction of the intermediate
vector bosons and the subsequent application of a mass window allows for an effective re-
jection of the latter three background processes. The intermediates can have a very large
transverse momentum7) (pT > 350 GeV/c), because of the high mass of the Higgs boson.
The same is then true for the jets and the leptons that result from their decay. The jets will
be confined to a small region, because of the Lorentz boost, and, with a sufficient high gran-
ularity measurement of the energy flow to disentangle the two jets, provide an additional
signature to reject background. Finally, if the Higgs boson was produced through gauge bo-
son fusion (an important contribution to the Higgs production at this mass scale, see Fig.1.5),
then there will be one or two forward jets with a large transverse momentum. These jets are
the result of the quarks left over from the fusion (see Fig.1.4).
1.5. Higgs Parameters
After the detection of the Higgs boson, the next step is to measure some of its properties
(mass, width, couplings, spin, etc.). These individual measurements will allow for a veri-
fication of the Higgs mechanism in the Standard Model. Furthermore, it might be possible
to find indication of, or to distinguish between, different scenarios for physics beyond the
Standard Model.
The discovery methods themselves are all based on finding a Higgs mass peak. Thus one
parameter, mH, is readily established. The width of the mass peak, however, becomes mea-
surable only at large values for mH where the natural width becomes larger than the achiev-
able experimental resolution, see Fig.1.10, which is typically of the order of a few GeV/c2.
An excellent understanding of the detector is required to unfold the detector response from
the measured signal.
7)The component of the particle momentum that is transverse to the beam line. This observable, too, is properly
defined in Section 2.2.
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The Higgs couplings, production cross sections, and branching ratios can be determined
from the detection of the Higgs signal in different decay channels. These measurements are
of particular interest to be able to establish that the observed mass peak is indeed the Higgs
boson and not some other resonance: the Higgs boson is the only boson with a coupling
strength that is proportional to mass. The comparison of an absolute value of a rate in an
individual decay channel is sensitive to systematic uncertainties in both the theory and the
measurements. This is far less so for the ratio of these rates and their theoretical prediction
can therefore be verified with high accuracy. There are, however, no large overlaps between
different channels. Consequently, measurements of any ratio are dominated by statistical
uncertainties and require a large sample of events.
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Figure 1.10: The width of the Higgs boson mass peak as a function of its mass, from Spira (1997).
At low values for the mass, the width is small compared to realistically possible intrinsic detector
resolutions. Above mH ≈ 250 GeV/c2, the width becomes measurable.
The spin of the Higgs boson and, indirectly, its parity are measured through the angular
distributions of its decay products. This does not only require decent statistics, but in par-
ticular a clean set of signal events. Background events, but also the kinematic constraints,
will distort the distributions. Consequently, the H → ZZ(∗)→ 4` channel, where the ex-
pected signal to background ratio is most favourable, is likely the only channel where a spin
measurement will be possible (Richter-Was, 1999).
CHAPTER 2
The LHC Experiment
This chapter presents an overview of the LHC accelerator and the Atlas detector. The specific
properties and capabilities of those Atlas subdetectors that are relevant to the (combined)
muon reconstruction are described in detail.
2.1. The Large Hadron Collider
The previous chapter argued that in order to confirm (or exclude) the Higgs mechanism
experimentally, a collider experiment should be able to scan the mass range up to 1 TeV.
Current colliders may find the Higgs boson, but only if it has a low enough mass (as discussed
at the end of Section 1.2). The current machines and their detectors may be improved,
but there are technical limitations in components such as the cooling system, the bending
magnets, the readout electronics, etc. that restrict the scope of upgrades. Building a new
collider with new detectors then becomes the most viable option. Such a new machine must
be able to reach centre of mass energies (√s) in collisions between beam particles of a
few TeV. The Large Hadron Collider, LHC (LHC Study Group, 1995), a new machine that
is currently under construction at the CERN site near Geneva, is designed to achieve this.
The machine is scheduled to start operation in 2007.
In circular electron-positron accelerators, as e.g. the LEP, the beam particles lose a sig-
nificant fraction of their energy through synchrotron radiation. This energy loss increases
proportionally to E4, for a particle energy E and given a fixed radius machine.1) For such a
machine, there is therefore a limit to the maximum achievable energy that is both economi-
cally and technically feasible.
The LHC is being built in the LEP tunnel and will therefore be a circular collider with
a 27 km circumference. To reduce the effects of synchrotron radiation, it will use protons
instead of electrons and positrons. This reduces the problem of the synchrotron radiation by
a factor of (me/mp)4. Protons are not elementary particles: its constituents, the gluons and
1)The radiated energy is proportional to the 4th power of the Lorentz factor (γ) of the particle. Thus, for a fixed
particle energy that means that the radiated energy is inversely proportional to the particle mass to the 4th power.
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quarks, are the actual beam particles. The total proton energy must therefore be significantly
higher than 1 TeV in order to achieve centre of mass energies of that order in the collisions
between their constituents. The LHC will accelerate the protons to 7 TeV, for a total available
energy of 14 TeV per collision.2) In addition, although the LHC is primarily a proton-proton
collider, collisions of beams of heavy ions, with a total energy of 2.76 TeV per nucleon for
lead on lead, are foreseen.
Figure 2.1 shows an overview of the CERN accelerator complex. A duo-plasmatron, a
conventional device that is also used in hospitals for radiation treatments of cancer, delivers
a proton current that is input to a linear accelerator, commonly referred to as ‘linac.’ The
linac is used for the initial acceleration of the protons after which they are further acceler-
ated in the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) before they are
injected into the LHC. Each beam will then be accelerated to the final energy of 7 TeV per
proton. The proton beams are bunched in packets that have a length of about 12 cm along
the beam axis and have a 15 µm gaussian spread in the lateral direction. One such packet
contains ∼1011 protons. The interval between successive bunches passing a collision point
will be 25 ns. The typical lifetime of a beam is about 10 hours, after which the accelera-
tion and storage processes are re-iterated. A selection of the LHC operating parameters are
summarised in Table 2.1.
PS 25 GeV
Booster 1.4 GeV
Ion Accumulator
Linacs
p 50 MeV
Atlas
SPS 450 GeV
CMS
2.8 TeV/n Pb−PbLHC 14 TeV p−p
Pb 4.2 MeV/n
LHCb
Alice
Figure 2.1: Schematic layout of the LHC accelerator and its injection systems. The older PS and SPS
machines are used to accelerate the beam particles before they are injected into the LHC.
It is important to reach high event rates, as the cross sections for many of the interest-
ing physics processes decrease with increasing energy. The LHC will operate initially at
a luminosity3) of 1033 cm−2s−1 (referred to as ‘low luminosity’), but is expected to reach
luminosities in excess of 1034 cm−2s−1 (referred to as ‘high luminosity’) after 1 to 3 years
of running. At this high luminosity, there will be on average 23 collisions per crossing, most
2)The actual collision energies vary thus between 0 and 14 TeV. A collision of partons with
√
s ≈ 14 TeV is
theoretically possible, but highly unlikely.
3)The proportionality factor between the collision cross section of the beam particles and the event rate. The
luminosity can be increased by a reduction of the bunch spacing, by an increase of the number of particles per
bunch, or by a reduction of the transverse sizes of the bunches.
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of which will be from soft hadronic interactions. The latter are not so interesting from a
discovery point of view and obscure the more promising events in that respect.
There are many challenges in the construction of an accelerator as described above, most
of them related to the fact that the energy, the beam current, and the luminosity are far higher
than ever achieved in other machines. The protons are accelerated by radio-frequency (RF)
cavities, guided around the ring by dipole magnets, and focused by quadrupole magnets.
Each of the 2835 proton bunches leaves an electromagnetic wake-field behind, which dis-
turbs the succeeding bunches. Any initial disturbance in position or energy of a bunch may
then lead to oscillations, which may resonate and consequently lead to beam loss. Every time
two proton bunches cross in one of the detectors, there will be many such disturbances: only
a miniscule fraction of the protons actually collide head-on, but all particles feel the effects
of the strong electromagnetic field of the opposing bunch. Careful control of the properties
of the RF cavities and the magnet system must minimise potential instabilities.
energy per proton 7 TeV
bunch spacing 25 ns
bunch size 15 µm × 12 cm
protons per bunch 1011
stored beam energy 334 MJ
radiated power per beam 3.6 kW
beam lifetime 10 hours
design luminosity 1034 cm−2s−1
dipole field 8.36 T
Table 2.1: A selection of the running parameters for the LHC.
To appropriately bend the 7 TeV protons trajectories, the LHC dipole magnets, 1296 in
total, need to be able to produce magnetic fields with a strength of 8.36 T. Superconductivity
makes this possible, but requires the magnets to be operated at 1.9 K. It is important that this
temperature is kept stable. Even the absorption of synchrotron radiation, which amounts to
a total emitted power of two times 3.6 kW, by the beam pipe can not simply be neglected,
but needs to be actively compensated by the refrigeration system. The cryogenic technology
uses superfluid helium (a total of some 700,000 l will be needed), which can be efficiently
transported over more than a kilometre with a temperature drop of less than 0.1 K. The total
power, distributed along the ring, required by the cooling systems will be over 140 kW.
The strict requirements set by the high LHC energy, the high luminosity, and the short
bunch spacing are very demanding for the experiments that record the collision products.
There are four new detectors currently under development: Atlas, CMS, LHCb, and Alice.
Each detector is located at its own interaction point along the LHC, as shown in Fig. 2.1.
Atlas, ‘A Toroidal LHC ApparatuS’ (Atlas Collaboration, 1994), and CMS, ‘Compact Muon
Solenoid’ (CMS Collaboration, 1994), are general purpose detectors, optimised for Higgs
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boson searches and other high transverse momentum physics. LHCb, ‘Large Hadron Col-
lider beauty experiment’ (LHCb Collaboration, 1998), is a dedicated b-physics detector and
Alice, ‘A Large Ion Collider Experiment’ (Alice Collaboration, 1995), is designed especially
for the heavy ion programme of the LHC.
This thesis is primarly concerned with the Atlas detector, which is therefore described in
detail (Section 2.3).
2.2. Definitions
In this and the subsequent sections, the following coordinate conventions are used: z is the
direction along the beam line, the x-y plane is the plane transverse to the beam direction. The
positive x-axis points from the interaction point to the centre of the LHC ring, the positive y-
axis points from the interaction point upward. R is the transverse direction, φ the azimuthal
angle, and θ the polar angle. They are defined as:
R =
√
x2 + y2, (2.1)
φ = tan(y/x), (2.2)
θ = arccos(z/
√
R2 + z2). (2.3)
Instead of the polar angle θ, it is more common to use the so-called pseudorapidity (η)
defined as:
η = − ln(tan(θ/2)). (2.4)
The shape of a multiplicity distribution in pseudorapidity (dN/dη) is, for highly relativistic
particles, invariant under Lorentz transformations in the z direction. This can readily be
seen from the definition of rapidity, with E the particle energy and pz the z-component of
the particle momentum:
y =
1
2
ln
(
E + pz
E − pz
)
= tanh−1
(pz
E
)
, (2.5)
which transforms under a Lorentz transformation, with β the relative velocity, as:
y→ y − tanh−1(β) (2.6)
and for highly relativistic particles where the mass of the particle may be neglected η = y.
Finally, and similar to the definition of R, the transverse momentum (pT), the transverse
energy (ET), and the missing transverse energy (EmissT ) are defined in the transverse (x-y)
plane. That is:
pT =
√
p2x + p2y , (2.7)
ET =
∑√
p2x + p2y , (2.8)
EmissT =
√(∑
px
)2 + (∑py)2. (2.9)
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2.3. Atlas
Atlas is a general purpose detector designed for a symmetric collider. As such, it is basically
symmetric itself and constructed like an ‘onion.’ Atlas is geometrically organised in two
end-caps and one barrel section (as indicated in Fig. 2.2). A muon originating from the
primary vertex encounters in order: an inner tracker, a calorimeter, and a muon spectrometer.
Both the inner tracker and muon spectrometer are contained within a magnet system. The
former in a solenoidal, the latter in a toroidal field. The overall size of the detector is largely
determined by the muon spectrometer and the magnet coils that generate the toroidal field.
It has a length of 46 m and a diameter of 22 m. Thus, it has about the size of a seven-story
building.
From a reconstruction point of view, it is most natural to divide Atlas in three regions
instead of only in barrel and end-cap sections (and that twice, because of the symmetry4)
around the η = 0 plane). The regions are defined as slices in η: a barrel section (|η| < 0.7), a
transition region (0.7 < |η| < 1.4), and an end-cap section (1.4 < |η|). Each of these regions
has different performance characteristics, as will be explained in the following subsections.
In particular, the reconstruction has to deal with more material and a more strongly varying
magnetic field in the transition region (see for example Fig.2.3, D).
End−capEnd−cap Barrel
Muon Spectrometer
Inner Tracker
Calorimeter
Magnet Coils
Shielding
Figure 2.2: Overview of the Atlas detector layout. These and subsequent graphics are produced with
the PERSINT (Virchaux and Pomarede, 2001) graphics package, unless otherwise specified.
It was argued in Section 1.4 that the most promising Higgs detection channels have
signatures that include leptons with large pT, jets with large ET, and large missing transverse
energy. Furthermore, it is important to be able to identify particles, such as photons and
bottom quarks. Thus, Atlas is equipped with two tracking detectors and is optimised for
4)The symmetry is only approximate, because of differences in the positioning of cables, support structure,
readout electronics, etc.
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maximum geometrical coverage, both for its calorimeter as well as for its high precision
tracking of leptons.
Atlas design criteria
• Momentum resolution. Excellent lepton momentum resolution and lepton charge de-
termination, provided for by the accurate tracking in the inner tracker for low energetic
leptons and by the large lever arm of the muon spectrometer for high energetic muons.
The H→ ZZ(∗)→ 4` channel and tagging of leptons from the decay of vector bosons
in associated Higgs boson production will benefit here.
• Particle identification. Efficient and accurate tracking for particle identification and
tagging of b quarks. The tracking in the inner tracker allows for discrimination be-
tween electron and photon electromagnetic showers in the calorimeter and the accurate
determination of track impact parameters in b jets. This is important for the H→ bb¯
and H→ γγ channels and the reconstruction of top quarks.
• Energy resolution. High precision energy resolution for jets, photons, and electrons
from the electromagnetic and hadronic calorimeters. Important for all Higgs decay
channels, including the H → ZZ(∗)→ 4` channel in those cases where the leptons
from the intermediate Z boson decay include electrons or τ leptons.
• Hermeticity. Full coverage of electromagnetic and hadronic calorimetry for missing
transverse energy and energy flow measurements. This is most important if the Higgs
boson has a large mass.
• Trigger. The ability to trigger on particles at low transverse momentum thresholds.
The cross sections of the interesting physics processes are low, but the total amount
of data that can be processed offline is restricted due to practical limitations. Thus,
effective and efficient triggers are required.
The magnetic field and the subsystems that are of importance to muon track reconstruc-
tion are described in greater detail in the following sections.
2.3.1. Magnetic Field
The inner tracker resides in a solenoidal magnetic field with a field maximum of 2.09 T. This
field is generated by a central, superconducting solenoid, located within the electromagnetic
calorimeter. The field is basically homogeneous in the barrel section, but falls off rapidly
with z in the end-cap region (Fig.2.3, A): the solenoid is, with its 5.3 m in length, shorter
than the inner tracker (which measures 6.7 m, Section 2.3.2) itself.
The muon spectrometer is embedded in a toroidal magnetic field that extends up to
|η| ≈ 3 and originates from three air-core superconducting magnets: one for the barrel and
one for each end-cap. Each of these magnets is made up of eight superconducting coils,
which are positioned at regular intervals in φ. The coils in the end-caps are rotated by 22.5◦
in φ w.r.t. the coils in the barrel. That way, the coils can overlap radially and, as a conse-
quence, the bending power is distributed more smoothly in the transition region (Fig.2.3, B).
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Figure 2.3: The z component of the magnetic field in the inner tracker, as a function of R and z (A),
from Atlas Inner Detector Community (1997). Magnetic field map in the transition region, with an
interval of 0 .1 Tm between the field lines (B). Azimuthal component of the magnetic field, in a plane
perpendicular to the beam axis and located at the interaction point, as a function of radius and azimuth
(C). The field integral v.s. pseudorapidity for infinite momentum muons; each curve corresponds to a
fixed azimuthal range (D), from Atlas Muon Collaboration (1997).
The advantage of the open core design is the reduction of energy loss and multiple scat-
tering which would degrade the resolution on the measurements of physical observables such
as particle momenta. The disadvantage is the existence of regions with a highly non-uniform
field, especially in the transition region from barrel to end-cap as can be seen in Fig.2.3. The
barrel toroid coils start at a radius of R ≈ 4.9 m and lie in the φ = 22.5◦ + n · 45◦ planes.
The iron contribution is clearly noticeable below z ≈ 4.2 m.
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The magnetic field strength will be measured with some 2000 three dimensional Hall
sensors. The distribution of the sensors follows the magnetic field inhomogeneities. The full
magnetic field will then be reconstructed by means of a field calculation calibrated with the
results from the probes.
2.3.2. Inner Tracker
The Atlas inner tracker (displayed in Fig.2.4) consists of a precision semiconductor tracking
detector at lower radii and a continuous straw tube tracker in its outer part. The inner tracker
cavity has a radius of 1.15 m and is 6.7 m long, which means that it is larger than the
central solenoid. As a consequence of this size difference, the momentum resolution worsens
noticeably in the end-cap regions.
TRT
SCT
Pixels
Figure 2.4: The layout of the Atlas inner tracker.
The detailed design of the inner tracker is not yet fixed: the precise locations and sizes
of detector elements are still under revision. Described here is the geometry layout of the
Technical Design Report (Atlas Inner Detector Community, 1997), which is obsolete from an
engineering point of view, but the overall layout is still the same and performance differences
are marginal. This layout corresponds to the one used for the simulated results presented in
the chapters on performance and Higgs studies.
The precision tracking detectors must have a fine granularity, because of the expected
high track densities. The innermost layers therefore use pixel semiconductor detectors which
are segmented in both Rφ and in z (pixels). The number of these pixel layers and their
distances to the beam line are not yet completely fixed. In the studies presented here, there
are three pixel layers. The layer closest to the beam pipe is located at an average radius of
4 cm. In the barrel, the pixel layers consist of modules mounted on ‘ladders.’ Each module is
slightly tilted and overlaps with the edges of the next and previous modules. In the end-caps,
the modules are mounted on rings, referred to as ‘wheels.’ The pixel diodes in the barrel
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have a size of 50 µm in Rφ and 300 µm in z. They have a similar size in the end-caps, i.e.
50 µm in Rφ and 350 µm in R. The choice of such a large aspect ratio is natural: most
tracks cross the pixel elements under an angle and would hit a multiple of pixel elements
if the granularity were finer. Having more than two or three hits per layer per track does,
however, not significantly improve the position measurement, especially in an environment
where noise and background need to be taken into account.
Further out, see Fig. 2.4, there are eight layers of silicon microstrip detectors (the so-
called semiconductor tracker or SCT). The SCT modules (see Fig. 2.5, A) in the wheels in
the end-caps and in the layers in the barrel are arranged in pairs that are rotated w.r.t. each
other over a stereo angle of 40 mrad. This construction allows for a z measurement in the
barrel and a radius measurement in the end-cap sections. The strips in the barrel are tilted,
have a pitch of 80 µm and are wire-bonded, thus forming strips of 12.8 cm in length. The
length of the strips in the end-caps varies between 6 to 12 cm, in order to obtain optimal η
coverage. The pitch of the strips in the end-caps varies, as they are arranged radially. On
average the pitch is about 85 µm.
The transition radiation tracker (TRT) is the outermost detector of the inner tracker. This
detector consists of straw tubes filled with xenon gas to detect the transition radiation pho-
tons. Polypropylene/polyethylene in the form of thin (∼15 µm diameter), loosely packed
fibres in the barrel and foils (of similar thickness) in the end-caps, is inserted in between the
straws as radiator material. The straw tubes are arranged in layers, along z in the barrel (see
Fig.2.5, B) and radially, mounted in wheels, in the end-caps. The straw density is such that
it equalises the total number of straws crossed, typically 36, by a particle.
The readout of the TRT has two thresholds, one low for tracking hits and one high for
transition radiation hits. The per-tube spatial resolution for the tracking hits is about 170 µm.
An average position resolution of 50 µm can be achieved, by using all hits on the trajectory,
even at high luminosity, when a significant fraction of the hits (∼30%) will be masked.
(A) (B)
radiator
CO2
straw wall
70% Xe gas
wire
module shell
Figure 2.5: Detailed view of an SCT barrel module, which shows the strips, the bonding and the second
module that is rotated over a small stereo angle (A). Detailed overview of the TRT barrel, illustrating
the layout of the straw tubes (B), from Atlas Inner Detector Community (1997).
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Any misalignment of detector elements will deteriorate the resolution on the measure-
ments of the inner tracker as a whole. There is therefore a requirement that misalignment
effects may not degrade the intrinsic detector resolutions by more than 20%. This means
that, in Rφ, the relative positioning of the pixel detector needs to be known to ∼7 µm, to
∼12 µm for the SCT, and to ∼30 µm for the TRT. The initial alignment information will
come from the metrology of the individual modules and from X-ray surveys of the fully con-
structed barrel parts and end-cap wheels. Run-time alignment information will come from
the Frequency Scan Interferometry (FST), which works by counting interference fringes in
an external two-beam interferometer. The final alignment will be done offline, by means of
physics events, by making use of the overlaps of detector elements and the reconstruction of
high momentum tracks.
The calibration of the inner tracker momentum measurement will be done with a mea-
surement of the mass peak of the Z boson, which has been determined with high accuracy
by the LEP detectors. The Z→ µµ channel will be used directly and the Z→ ee channel is
used in combination with the calorimeter results. That way, the final systematic uncertainty
on the absolute values of electron and muon momentum measurements, i.e. the absolute
momentum scale, is expected to be less than ∼0.02% of mZ.
2.3.3. Calorimeter System
The Atlas calorimeter consists of an electromagnetic (ECAL) and a hadronic (HCAL) part,
as shown in Fig.2.6. A presampler is positioned in front of the calorimeter, which covers the
region of |η| < 1.8, whereas the ECAL covers the region up to 3.2 in pseudorapidity. The
HCAL extends up to an η = 4.9, where the highest η range (3.1 < |η| < 4.9) is covered by
the forward calorimeter (FCAL). The calorimeter incapsulates the inner tracker. It extends
up to an outer radius of 4.25 m and has a size of 6.7 m in z, measured from the centre of
the Atlas detector. The FCAL is moved further out by 1.2 m with respect to the ECAL front
face, to reduce the amount of neutrons backscattered into the inner tracker.
The presampler is a thin (11 mm in the barrel, 5 mm in the end-caps), active layer of
liquid argon. It allows for a correction of the energy lost in the material in front of the ECAL
by means of the measurement of the ionisation signal from the electromagnetic showers that
develop in this material. In the end-cap regions of 1.0 < |η| < 1.6, there is, additionally,
a scintillator slab which serves the same purpose. The energy is corrected, up to a mul-
tiplicative calibration constant, by adding the energy measured in the presampler and the
scintillator with an appropriate weight to the total measured energy. The weights are chosen
for optimal energy resolution and improve the linearity of the calorimeter response.
The ECAL is a lead/liquid argon (LAr) detector with accordion-shaped electrodes and
absorber plates. It has a thickness of 1.2 nuclear interaction lengths (λ) at η = 0. The HCAL
consists of iron scintillating tiles in the barrel section and of LAr detectors in the forward
ranges. It has a total thickness of 11 λ at η = 0, which includes 1.5 λ from the outer support
structure.
A 100 GeV muon that crosses the full calorimeter will lose most probably ∼3.3 GeV of
its energy. If the energy deposited by such a minimum ionising muon does not overlap with
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Figure 2.6: Atlas calorimeter geometry layout.
any jets, it is expected to be detectable with a signal-to-noise ratio of ∼8 (Megner, 2001).
The muon may lose a larger fraction of its energy, which can be measured with a resolution
that depends strongly on the total deposited energy. This measurement can then be used to
correct the momentum measurement from the muon spectrometer.
2.3.4. Muon Spectrometer
The Atlas muon spectrometer is built up of so-called muon-chambers, in compliance with
the openness of the design, and the coils that create the toroidal magnetic field, which have
been described in Section 2.3.1. The main precision measurements of muon tracks are done
with Monitored Drift Tubes (MDTs). The MDTs are organised in multilayers of three or
four layers of tubes each (see Fig. 2.10). Two such multilayers are combined to form a
chamber. MDTs are employed in both the barrel and end-cap sections of Atlas, except for
the innermost region of the end-caps. Cathode Strip Chambers (CSCs, see Fig. 2.7) are
used in the range of 2 < |η| < 2.7 where, due to the proximity to the beam line, a high
density of tracks is to be expected. The CSCs are multiwire proportional chambers. Each
chamber consist of multiple anode wires at a fixed distance. The readout is done through
cathode strips that are parallel to the anode wires, but have a different pitch. The CSCs are
intrinsically faster than the MDT chambers and are thus better suited for the high η region.
They are, however, more sensitive to correlated noise (mainly δ-electrons: a CSC contains
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more material than an MDT) and they are more expensive. Hence the choice of MDTs over
CSCs for the rest of the muon spectrometer.
The trigger system consists of Resistive Plate Chambers (RPCs) for the barrel and Thin
Gap Chambers (TGCs) for the end-caps. The trigger chambers are positioned close to the
MDT chambers, as can be seen in Fig.2.7. The RPCs consist of narrow gas gaps bordered by
layers of bakelite (hence the name ‘resistive’) and metal strips in order to detect ionisation
electrons (Fig. 2.8, A). The TGCs are multiwire proportional chambers (Fig. 2.8, B). The
trigger detectors measure space points by combining a longitudinal and a transverse series of
detection strips. In doing so, they provide a measurement of the so-called second coordinate,
that is, the coordinate along the drift wires. The resolution of the trigger detection strips
(pitch / √12) is typically about 1 cm.
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Figure 2.7: Side view of a quadrant of the muon spectrometer, from Atlas Muon Collaboration (1997).
The CSCs are located at high pseudorapidity, where the track density will be very high. The presence
of the end-cap toroid prevents the middle layer of the end-cap MDT chambers to extend to high η.
The MDT chambers follow the eightfold symmetry in pairs of two towers, one of which
consists of small and the other of large chambers (see Fig. 2.9), such that a muon track
from the interaction point in principle always crosses three chambers.5) The MDT chambers
are named according to their location in either the barrel, end-cap, or forward region, their
distance to the beam line, and their location in either a large or a small tower. The names are
made unique by the addition of a section number.
The MDT chambers measureRz in the barrel and φz in the end-cap sections. The MDTs
are designed to have an average spatial resolution per drift tube of 80 µm. In order to use
this precision, the relative positions of the drift tubes along a muon trajectory need to be
accurately known. The sheer size of the muon spectrometer and the magnetic forces of the
toroids, which may cause displacements of up to a millimetre, make an alignment system that
5)There are some gaps in the geometry for cables and servicing of the inner parts of the Atlas detector.
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Figure 2.8: Detailed overview of an RPC, left, and of a TGC, right (Atlas Muon Collaboration, 1997).
actively counters the displacements infeasible. Instead, an internal, i.e. inside the chambers,
as well as external, i.e. in between chambers and towers, optical misalignment measurement
system is employed to monitor chamber deformations and displacements, hence the name
‘MDT.’ This misalignment information can then be used by the offline software to correctly
interpret the measurements.
Barrel Inner Small (BIS)
Barrel Middle Small (BMS)
Barrel Inner Large (BIL)
Barrel Middle Large (BML)
Barrel Outer Small (BOS) Barrel Outer Large (BOL)
Support
Magnet Coil
RPC
Figure 2.9: A Atlas muon spectrometer tower, viewed from a point along the z-axis.
The MDT chambers derive their stiffness from the cross-plates on which the multilayers
are mounted. For the misalignment monitoring system, the cross-plates are considered rigid
and only their relative movements are monitored. Depending on the size of the chamber,
there are up to four in-plane, optical sets of straightness monitors, the so-called RASNIKs.
The RASNIK principle is based on the projection of a coded mask of black and white fields
onto a pixel image sensor. The magnification of the image measured by the sensor, together
with the shifts and rotations of the projected image of coded black/white transitions w.r.t.
to an orthogonal grid at the sensor position allow for the construction of a true, relative
3-D position measurement. With this monitoring system in place, the deformations of the
chambers, and thus the displacements of any sensors mounted onto them, are accounted for.
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Figure 2.10: Schematic overview of an MDT chamber, which
shows the layers of tubes, the cross-plates and the in-plane mis-
alignment monitoring system (Atlas Muon Collaboration, 1997).
The monitoring of inter-
chamber misalignment in the
end-cap regions is different
from that in the barrel, be-
cause of geometrical limita-
tions. In the barrel, a pro-
jective (as seen from the in-
teraction point) misalignment
monitoring system based on
RASNIK sensors is used at
several strategically chosen
positions. The chambers are,
in pairs, equipped with sen-
sors. The misalignment in-
formation for the small cham-
bers w.r.t. the large chambers
(and vice versa) can be ob-
tained by means of stiff muon
tracks, because of the exis-
tence of overlaps. In the end-caps, projective light paths are not possible everywhere, as the
end-cap toroid cryostats are in the way. The optical system is therefore complemented with
a reference grid of carbon fibre bars that can be accurately aligned. The bars are mounted
radially, behind the cryostat (as seen from the interaction point). Effectively, an optical ray
that matches up with a sensor at the top of the bar can then ‘continue’ at the lower end of
the bar, thus bypassing the cryostat. For the determination of the misalignment corrections,
the positions of the reference system are first reconstructed, after which the chambers can be
aligned relative to the carbon fibre bars.
The requirements on alignment of the muon spectrometer as a whole w.r.t. the inner
tracker and calorimeter are not so strict. The effects of multiple scattering on the trajectory
of a 100 GeV muon will yield an uncertainty of ∼2 mrad on the direction, or ∼0.5 cm on
the position. Thus, the expected initial alignment at an accuracy of ∼1 cm (the engineering
tolerance) is already reasonably good. A further alignment precision of less than a millimetre
is achievable through the reconstruction of high momentum muon tracks.
2.3.5. Trigger and Data Acquisition
The interaction rate at high luminosity will be of the order of 109 Hz. Writing the information
of all these interactions to a permanent storage system is both undoable and undesirable.
Event selection must reduce the rate of selected events to ∼100 Hz. This is done in two
trigger levels, followed by an event filter. The trigger levels are implemented in dedicated
hardware, whereas the event filter is implemented in software. Each successive step takes
into account more and more refined information and must therefore work at a lower rate.
The level-1 trigger receives the data at 40 MHz (the bunch crossing interval is 25 ns at high
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luminosity) and reduces it to 75 kHz (upgradable to 100 kHz). The level-2 and the event
filter reduce the rate by a further factor of 103. The exact boundary between these is yet to
be decided, based on advances in computing power in the immediate future. Similarly, the
100 Hz final rate may yet increase,6) technology permitting. Per event, about 1 MB of data
will be written, thus the final data rate is ∼100 MB/s.
There are three different, general event selection programmes, which can each be fur-
ther customised (the so-called trigger menus) to take data for different physics programmes.
Different menus use different parts of the detector and require different selection ranges and
thresholds. The general programmes are:
• Events with a known or expected signature for Higgs searches, calibration, and pre-
cision physics. The selection is based on the initial reconstruction of physics objects
with certain properties, such as isolated or high pT leptons (e, µ) and photons, the
number of jets, or τ -leptons decaying into hadrons.
• Events with a good chance of containing new physics. The selection is based on high
transverse energy, or large missing transverse energy. No specific reconstruction is
required, but the full calorimeter needs to be read out to obtain the total energy and to
look for missing energy.
• Events used to search for the unexpected, to quantify and understand the QCD back-
ground, and to test the working of the triggers. The selection is random (minimum
bias).
High pT muons are identified with the TGC and RPC systems in the muon spectrome-
ter. The other trigger signals require the calorimeter, possibly complemented with the inner
tracker information for electron identification. The time-of-flight of muons from the interac-
tion point to the outer edge of the muon spectrometer is longer than the LHC bunch crossing
interval. Furthermore, the readout time of the calorimeter extends over many bunch cross-
ings. Thus, the triggers are necessarily set up in pipelines. Better performance is gained for
some triggers, when the event is split up in Regions of Interest (RoIs) that are processed in
parallel. This is particularly true for triggers that rely on isolated physics objects, but not for
e.g. triggers on missing transverse energy.
The level-1 trigger works on basic signatures and unprocessed detector output. It works
on the full event data, may apply some preprocessing (e.g. calibration), and identifies the
initial information on physics objects, such as position (η, φ) and an energy or pT estimate.
This information is passed on to the level-2 trigger, which works mainly in RoIs that are
identified by the level-1 trigger. It performs a more detailed reconstruction to be able to
validate and further refine the physics objects. For example, a jet can be tagged as a b-
jet after reconstruction of the impact parameter by means of the inner tracker. Similarly, a
first discrimination between electrons and photons can be made by searching for a charged
particle trajectory that points into an electromagnetic calorimeter cluster. The last step in
6)Or, more likely, the total amount of data written per event may increase.
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the reduction is done in the event filter which will employ adapted versions of the offline
software to reconstruct physics observables that are input to the final event selection.
The raw data of the events that remain after the selection cuts are written in a permanent
storage, catalogued by event type. The raw data is converted into a form usable by the
offline software by application of calibration, zero-suppression, misalignment corrections,
etc. This latter process is reiterated whenever the offline analysis produces better alignment
and calibration tables.
2.3.6. Offline Software
The goal of the offline event reconstruction is to reconstruct physically interpretable objects
from the unprocessed (‘raw’) hit information and to make that information available to the
subsequent analysis. The information is obtained through reconstruction of physical observ-
ables such as the tracks and momenta of (charged) particles, the energies of jets, the positions
of (secondary) vertices, etc. The reconstruction work is done in software, based on the event
data that has been written to the permanent storage. This stage of data processing can take
into account as much detail as required, as it is done offline and is therefore not so strictly
bound to time constraints.
The initial reconstruction of physics observables in each of the Atlas subdetectors is more
or less independent of those in the other subdetectors. After that, the measurements from the
subdetectors are combined. For example:
• Discrimination of electrons from photons by searching for charged tracks pointing into
the electromagnetic clusters that have been identified in the calorimeter.
• Identification of track segments in the inner tracker as originating from muons by
matching them with track segments in the muon spectrometer.
• Identification of tracks in the inner tracker as originating from hadrons by extrapolat-
ing clusters from the hadronic calorimeter onto the vertex region.
The individual packages need to exchange (partly) reconstructed observables and the
identifiers of the data that were used, in order to make the combined reconstruction possible.
A framework to achieve just that in a standard, formal way with full support for persistency
is under development. The framework will also support facilities to allow the user to tune
individual reconstruction packages in order to optimise for specific physics studies.
2.3.7. Monte Carlo Simulation
The Atlas detector is a complex piece of machinery and it is therefore not possible to assess
its performance in detail with analytical calculations only. Valuable insight on the quality
and performance of individual detector elements is gained by means of test beam setups, but
the performance of the detector as a whole is best estimated with a detailed computer model.
Effects that need to be studied include the consequences of the material distribution, of the
gaps in the detector, of the magnetic field inhomogeneities, etc. The computer model is used
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to generate simulated data based on which the reconstruction algorithms can be developed,
tested, and tuned.
After construction of the detector, when it is taking data, the Monte Carlo simulation is
used to estimate efficiencies, to determine energy corrections, to understand the effects of
event selection, etc. These results are used to unfold detector effects from the data and to
understand the effects of analysis steps in detail.
The input to the computer model of the detector consists of a list of particles, with their
corresponding four-momenta and positions of origin, that form the final states of physics
events. These lists are constructed by so-called event generators, which compute the cross
sections for selected physics processes and apply random number generators to create the
proper distributions of the kinematics in the final states. The final state particles are then
placed on the vertex in the computer model and tracked in small steps, one by one, through
the detector while applying energy loss, multiple scattering, particle decay, etc. with the
proper probabilities. Hence the name Monte Carlo simulation. There exist standard particle
propagation codes, such as GEANT (Geant Team, 1993; Geant4 Team, 2001), which imple-
ment this propagation. Bending of the trajectories of charged particles due to the magnetic
field is taken into account as well. Each time a particle crosses a sensitive detector element
(or loses energy in the calorimeter), its position (or energy loss) is saved. When all particles
have been processed this way, the positions (or total energy loss) are folded with the detector
and electronics response. The result is a set of simulated data that should closely resemble
the eventual real data and which is input to the offline reconstruction software.
The layout of the Atlas detector as used in the current simulations is not the final layout:
there will be many small modifications before and during construction and also during the
lifetime of the experiment. The final, global layout, however, will not change much from
the current layout, with the exception of the first year of running, when it is likely that
some parts of the detector will still be absent. The responses of some detector elements
are not yet implemented in their full detail, because of technical restrictions of the current
software. None of these issues prohibit the detailed study of the detector performance, but it
is clear that the eventual performance will differ on a small scale (percentage level) from the
performance as presented in this thesis.

CHAPTER 3
Muon Track Reconstruction
This chapter presents the principles of the muon track reconstruction procedure, as applied
in this thesis. The procedure is described on an ideal, abstract level. In the practical imple-
mentation, the boundaries between the successive steps are not necessarily as crisp and clear.
Nevertheless, this abstract description provides the appropriate mindset for the discussion of
the actual implementations of the track reconstruction algorithms in the Atlas offline recon-
struction software. The chapter continues with a brief overview of the algorithms of the Atlas
offline pattern recognition packages IPATREC and MUONBOX, as these are used for all re-
construction results presented in the subsequent chapters. It concludes with an enumeration
of the opportunities of combined muon reconstruction.
3.1. Definitions and Approach
For every time that the LHC proton bunches cross each other in the Atlas detector, there will
be several interactions between the proton constituents. The signals from each of the Atlas
subsystems are recorded for those interactions that pass the trigger selection, for subsequent
processing by the offline reconstruction software. Track reconstruction is a vital part of the
event reconstruction and has as objectives: to find the sets of data that constitute particle
trajectories and to obtain the sets of parameters, the so-called track parameters, that best
describe each of these particle trajectories.
The definition of the track parameters depends on convention. In general, there are four
parameters required to define a 3-D line and an additional parameter to describe the cur-
vature. A point on the line is defined by including the length along the line. Thus, one
possible definition could be: two direction parameters, two positions, and the inverse of the
total momentum. The track length, counted from the interaction point, becomes an implicit
parameter in that case. Furthermore, the charge and the particle species need to be specified.
The uncertainties on the track parameters and their correlations (which are non-zero if not all
track parameters are measured directly at every point along the trajectory, which is usually
the case) need to be estimated as well. These are expressed in the form of the covariance
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matrix of the reconstructed track. This matrix contains the variances of the track parameters
as its diagonal and the covariances as its off-diagonal elements. Consequently, the track co-
variance matrix is by definition positive definite and symmetric. Just as the track parameters
depend on the position along the track, so does their covariance matrix.
Track reconstruction is applied in the two tracking detectors in Atlas: the inner tracker
and the muon spectrometer. When a charged particle moves through the Atlas detector,
it leaves a trace of so-called hits in the inner tracker and the muon spectrometer. A hit
provides information about the track parameters at the measurement location. In general, in
Atlas, only spatial information is measured although clusters in the pixel detector can yield
a direction measurement as well. The task of the track reconstruction is to find the full set
of track parameters by searching for the best fit of a physically valid track that conforms to
the set of hits associated with a trajectory. The covariance matrix of the track parameters is
a result of the fit.
A trajectory fit can only be applied on particle trajectories, which need to be identi-
fied first from the total collection of hits. There are several sources of hits: tracks from
interactions in LHC, possibly from different events, cosmic particles, electronic noise, and
radioactivity. It is the task of the pattern recognition to properly associate hits to particle
trajectories.
In Atlas, muons are measured in the two tracking detectors with more or less similar per-
formance. The trajectories in these separate subdetectors are referred to as track segments.
These track segments can be combined into full tracks, spanning the whole Atlas detector,
with improved estimates of the track parameters as a result. The concept of combined recon-
struction is not specific to track reconstruction, but can be applied to the reconstruction of
any observable that is measured in more than one subdetector.
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Figure 3.1: The track reconstruction concepts set in context.
Conceptually, track reconstruction consists of the following steps, which are illustrated
above in Fig.3.1:
• Identify track segment candidates. This part prepares starting points (seeds) for the
pattern recognition. Detectors are designed to simplify the identification of segment
candidates, they may even have a subsystem that is constructed specifically for the
purpose of providing seeds.
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• Construct track segments that describe the particle trajectories, from the track segment
candidates. This part is the pattern recognition step. Hits are rejected or added to the
candidate and corrections to the hit parameters are applied.
• Obtain the best estimate of the full set of track parameters for each of the particle
trajectories. This part is the statistical or final fit of the pattern recognition, there are
no more changes nor corrections to the (list of) hits.
• Optionally, combine the results of those subdetectors that measure (part of) the same
set of observables to improve the overall set of track parameters.
Some algorithms may combine two or more of the above steps, for example the pattern
recognition and the final fit, in their implementation. The overall structure, however, remains
the same. The following sections briefly explore each of the above mentioned parts of track
reconstruction.
3.1.1. Identification of Track Segment Candidates
An algorithm that looks for track segment candidates does not usually scan all hits for all
possible combinations. Instead, it starts from a seed provided by another subdetector, from
a road defined by a subsystem with several high precision measurements, or from ‘obvious’
segments such as those from highly energetic particles, etc.
Once a starting point has been identified, track fragments are constructed from the hits
in a region surrounding the seed. These fragments are usually tightly defined to reduce
the number of fake candidates from combinatorial background. Fragments are collected
onto a track segment candidate by extrapolation along a physically allowed trajectory, which
follows the magnetic field if a momentum can already be estimated. Individual fragments
may end up as part of more than one candidate, some fragments may end up unconnected.
The final result is a set of track segment candidates, a list of unconnected track fragments
and a list of left-over hits. These are passed to the pattern recognition.
3.1.2. Pattern Recognition
With a simple fit, e.g. a circle, a first estimate of the momentum is made for each of the
track segment candidates. With this first estimate, a real fit is applied. After convergence
(or failure) of the fit, the hits with a too large contribution to the overall χ2 of the fit1) are
rejected from the candidate. This procedure is repeated until all bad hits are removed. Along
the way, the hits may be corrected for effects that depend on the actual position, such as
Lorentz angle, propagation-time along a wire, or misalignment.
Once all bad hits are removed, the lists of unconnected track fragments and left-over hits
are used to recuperate hits and track fragments that could not be added to a track segment
candidate before, but do lie on the trajectory. The constraint on the addition of hits is similar
to the one for rejecting hits: those hits with a small χ2 contribution are kept. Any hits or
1)Or too little to the overall likelihood, or some similar constraint.
36 Muon Track Reconstruction
track fragments still left after this procedure are rejected as noise. The track segments are
passed on to a final fit.
The next section (Section 3.2) explains in detail the strategies and algorithms of two of
the Atlas pattern recognition packages: IPATREC for the inner tracker and MUONBOX for the
muon spectrometer.
3.1.3. Final Track Segment Fit
Contrary to the fit used in the pattern recognition, the final track segment fit has all hit pa-
rameters, with the corrections from the pattern recognition, fixed. The weight of each hit is
assigned according to its intrinsic precision. The fit makes use of a detailed track extrapo-
lation that not only propagates the track parameters, but also their covariance matrix. The
propagated covariance matrix sets the relative weights between successive track fragments.
The result is the best estimate of the track parameters and their covariance matrix at every
position along the track. If the track originated from a collision in the accelerator, it can be
traced back to the beam line to search for vertices.
3.1.4. Combined Reconstruction for Muons
If they have enough energy, muons that already traversed the inner tracker can also pass
through the calorimeter and the full muon spectrometer, leaving a trace that crosses the full
Atlas detector. The reconstruction of the track parameters for these muon trajectories is
referred to as combined muon reconstruction and consist of the following steps:
• Extrapolate the track segments from both tracking detectors onto a predefined surface,
for example a cylinder in between the inner tracker and the muon spectrometer.
• Match, at this surface, the extrapolated track segments into pairs of segments, or full
tracks.
• Perform a new final fit over the full range of both tracking detectors on each of the
matched tracks. In this step, matches may be rejected and match ambiguities may be
resolved.
Combined muon reconstruction has more uses than obtaining the best estimate of the
track parameters. The utility of combined muon reconstruction is presented in Section 3.3.
The next chapter (Chapter 4) explains in full detail the approach of the COBRA combined
muon reconstruction package.
3.2. Atlas Pattern Recognition
In Atlas, there are several pattern recognition packages available. This section only describes
two of them, as these are used for all reconstruction results in this thesis.
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3.2.1. iPatRec
The IPATREC package, documented in Clifft and Poppleton (1994)2) and Atlas Inner Detector
Community (1997), is used for the pattern recognition in the inner tracker. As a full-fledged
reconstruction package, IPATREC is used for the pattern recognition for all charged particles
in the inner tracker. This section, however, concentrates on muons.
IPATREC receives seeds from the pattern recognition in the muon spectrometer to start the
search for muon tracks. The reconstruction of tracks from other particles starts from seeds
obtained from the calorimeter.3) A road is formed by joining the seed region, defined on the
outer edge of the inner tracker with the vertex region (Fig.3.2, A). The cone of the road is
constructed from the helical paths that an average muon with a transverse momentum equal
to the low cut-off and the appropriate charge would follow. The charge may be obtained
from the seed, but need not be used. Such a road defines a Region of Interest.
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Figure 3.2: Schematic overview of the pattern recognition steps in IPATREC, based on roads.
Within the road, space points are identified in the semiconductor tracker and the pixels,
exploiting the high granularity and thus good two-track resolution of these precision detec-
tors (Fig.3.2, B). Note that the actual space points in the SCT, constructed by means of the
stereo angle between the strip pairs, depend on the angle of incidence of the particle trajec-
tory. The space points are collected into four partitions, each with a different distance from
the beam line, and track segment candidates are formed from the physically valid combina-
tions of these partitions. For a candidate to be accepted, it needs to contain at least three
different partitions.
With the track parameters of the road centre, a helical interpolation between the partitions
is used to search for those active parts of the detector that must have been traversed, but did
not yield any hits. Tracks that contain such ‘holes,’ of which there may be a maximum
of three (depending on the candidate status), will receive a penalty in the determination
of the final track segment quality. The track segment candidates are fitted and only the
best candidates, defined by a χ2 per degree of freedom cut-off of 2, are designated valid.
Each candidate is subsequently extrapolated onto the transition radiation tracker, where it
2)The description of the package in Clifft and Poppleton (1994) is rather outdated, though.
3)It is not necessary for IPATREC to start from a seed, it can also scan the full event in the inner tracker and
construct its own roads around track candidates in the precision detectors.
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defines a region for the selection and addition to the track segment of TRT tracking hits
(Fig.3.2, C). The selection is done with a histogramming method (Loken and Reichold,
1996) and candidates are formed if more than 60% of the expected hits are found. The
tracks are refitted and those TRT hits that yield a large contribution to the fit χ2 (typically
if they are more than 2.5 standard deviations displaced from the track) are rejected. The
match-up with the TRT is successful if the fit probability is larger than 0.001.
The final fit includes the material distribution to accommodate multiple scattering effects
(Fig.3.2, D). After the final fit, a selection is made among the track segment candidates in
order to remove the duplicates and the bad segments. This selection is done by means of a
quality factor, which is based on the fit χ2 (should be less than 3 per degree of freedom), the
match-up with the TRT, and the number of holes.
3.2.2. Muonbox
For the pattern recognition in the muon spectrometer, the MUONBOX package is used. In
describing the MUONBOX pattern recognition algorithm, this section largely follows the de-
scription as presented in the Atlas muon spectrometer technical design report (Atlas Muon
Collaboration, 1997).
The algorithm begins with the identification of Regions of Activity (RoAs) based on the
trigger chamber information. These RoAs are used as starting points for the search for track
segment candidates. Each RoA defines a road with a size of roughly ∆η ×∆φ = 0.4× 0.4
and each of the precision chambers that overlap with this road is searched for track fragments
(Fig.3.3, A).
By design, the muon spectrometer has good local pattern recognition capabilities: track
fragments can be reconstructed in individual multilayers with a direction that is well enough
defined to propagate to the other chambers and pick up additional fragments. For each
multilayer within the road, all combinations of two hits that point loosely to the interaction
vertex are collected and extrapolated to the other multilayer (Fig.3.3, B). A track fragment
for the whole chamber is accepted and passed through a linear fit if it can be matched up from
a fragment in each multilayer. The linear fit takes into account the dead regions between
tubes and the possibility of hit masking by δ-electrons.
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Figure 3.3: Schematic overview of the pattern recognition in the muon spectrometer, as implemented
by MUONBOX.
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The track fragments are divided into two main categories: fragments that pass through a
strict search, which requires the fragment to be associated with at least one trigger hit pro-
viding the second coordinate and fragments that cannot be associated to a second coordinate
hit. A third category is composed of those track fragments from the precision chambers that
show up in only one of the two multilayers, but are compatible with the pattern of a straight
track. This requires three or four hits, depending on the number of layers in the multilayer.
The position and direction for those track fragments that passed through the strict search
provide a first rough estimate of the muon momentum. This hypothetical muon is propagated
to the next chamber layer for a range of momenta around the first estimate (Fig.3.3, C). If the
extrapolated trajectory is matched with a fragment in the next chamber layer, a new, more
accurate momentum estimate is made based on the track fragments from both chambers.
This new trajectory is then extrapolated through all chamber layers that are crossed for a
second and finer range of momenta and any matching track fragments are added to the track
segment candidate.
A fit is applied to all track segment candidates to filter out individual hits and, finally, a
fit is applied to obtain the best estimate of the track parameters (Fig.3.3, D).
3.3. Combined Muon Reconstruction
The pattern recognition can be followed by a combined track reconstruction, as explained at
the end of Section 3.1. In Atlas, the inner tracker and muon spectrometer measure basically
the same set of track parameters and, for muons with a momentum in the range of 10 to
100 GeV/c, their performance is of similar quality.
The calorimeter can detect muons that traverse it, but the resolution on the measurement
of the deposited energy is usually poor, because most muons lose only a small fraction
of their energy. The calorimeter energy measurement improves with the deposited energy.
Thus, if the muon has lost a lot of its energy, then the calorimeter measurement can be
used to correct for the energy loss. Note however, that in the fit, it is easy to correct for a
large energy loss but it will go at the expense of the direction information. Without accurate
direction information, a fit does not improve over a weighted average of the momenta, which
is best performed during the analysis with full information of the event topology. Some more
details on the use of the calorimeter measurement are provided in Section 5.5.4.
There are three categories of benefits obtained from the application of combined muon
reconstruction. They are listed below.
improve track parameters
• Achieve the best possible momentum resolution: at worst only as good as a weighted
average of the reconstructed momenta obtained by each of the subdetectors, but in
most cases better.
• Reduce the tails, in the momentum resolution distribution of the muon spectrometer,
that resulted from fluctuations in the energy loss in the calorimeter.
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• Improve charge determination for high energy muons, by means of the longer lever
arm. Due to the inhomogeneous magnetic field, this is not straightforward and a global
fit after track matching is needed.
complement measurements
• Provide seeds for the inner tracker: muon tracks from the muon spectrometer, traced
back to the inner tracker, act as starting points for the inner tracker pattern recognition
and help to distinguish muon tracks from electron tracks.
• Discriminate muons from delta electrons in the muon spectrometer. Similar to the
inner tracker case, this helps the pattern recognition in the muon spectrometer.
• Associate muon spectrometer inner chamber track fragments with the inner tracker
track segment. Low energy muons do not reach the middle and outer chambers, and
are therefore impossible to reconstruct in the muon spectrometer alone.
• Reject decay muons (from kaons and pions) by requiring tracks to originate from the
(primary) vertex. The inner tracker can do little to filter out decay muons that originate
from its outer parts or from the calorimeter.
• Discriminate muons in jets, where the inner tracker pattern recognition efficiency is
lower than for isolated muons, from hadrons. A good muon identification for non-
isolated muons is required for an efficient muon b-tagging.
understand the detector
• Check the calibration of (or calibrate) the calorimeter. For the region in momentum
where combined muon reconstruction is possible, the resolution on the momentum
(energy) difference between the two segments of a combined track is comparable to,
or better than, the calorimeter energy resolution on the deposited energy. This allows
for easy and effective cross-checks, directly from the data.
• Cross-check the particle identification of the TRT. The matched muon track segments
give a handle on the number of muons that were incorrectly listed as electrons by the
TRT measurement.
• Align the inner tracker relative to the muon spectrometer. This requires the global fit.
• Cross-check the results from the inner tracker and muon spectrometer. This can be
done for muons with momenta of the order of 20 to 70 GeV/c, whose tracks were
matched on position, after correcting for their energy loss using the calorimeter.
The next part of this thesis will focus mainly on the improvement of the track parameters
and the efficiency of matching muon track segments as all benefits from combined muon
reconstruction start from there.
CHAPTER 4
Cobra
The COmBined muon Reconstruction for Atlas (COBRA) package is presented. After a
broad overview of the functionality of the package, this chapter describes in detail the fit
algorithms, the track propagation, and the abstractions of the implementation. It concludes
with a discussion on the strengths and the (potential) weaknesses of the COBRA method.
4.1. Overview
The Atlas detector has two tracking subdetectors (which were described in detail in Sec-
tion 2.3): the inner tracker, situated inside the calorimeter, and the muon spectrometer, which
surrounds the calorimeter. A muon with an energy above∼5 GeV will traverse both trackers,
thereby leaving hits that form a track segment in each of them. If, in the reconstruction, the
two track segments are reconnected, a global track is formed. The fit of such a global track
benefits both from the large distance of the muon spectrometer from the vertex (the lever
arm) and the well defined direction and position of the part in the inner tracker (i.e. before
scattering in the calorimeter). The global track fit will yield the best estimate of the track
parameters.
The steps required for combined muon reconstruction have been described in Section 3.1.
COBRA is a software package that implements these steps within the context of the Atlas
offline computing environment. It receives the track segments from the pattern recognition
packages and it obtains the detector geometry1) information from the detector simulation
framework software. It provides for track propagation, track segment matching, and a muon
track fit applicable both to the track segments as well as the global tracks. The results of
COBRA consist of global tracks and the best estimates of their track parameters with the
corresponding covariance matrices.
1)The term geometry is used to refer to the layout of the detector, as it did in Section 2.3. From the point of view
that is taken in this and subsequent chapters, the term geometry refers to the similar, but more abstract notion of
both the material and magnetic field distributions of the detector.
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4.1.1. Approach
COBRA does not perform the pattern recognition in the subdetectors. For this, the pack-
ages IPATREC and MUONBOX, which were described in Section 3.2, are used. A schematic
overview of the COBRA approach is shown in Fig. 4.1: the first part (A) takes place in the
pattern recognition packages, whereas the second part (B-D) is implemented in COBRA.
Cobra
Pattern Recognition Extrapolation Track Matching Global Track Fit
A B C D
Figure 4.1: The COBRA approach to combined reconstruction of muons. The pattern recognition is
done by the standard Atlas software, after which COBRA obtains the track segments (A), refits and
combines them (B-C), and obtains the best track parameters by a fit to global tracks (D).
The pattern recognition identifies the track segments in both the inner tracker and the
muon spectrometer (Fig.4.1, A). These track segments are stored and picked up by COBRA.
COBRA refits the track segments (which is the simplest way of obtaining a well-defined
covariance matrix at every measurement point along the track).
After the refit, the track segments are extrapolated and their covariance matrices are
propagated onto the outer surface of the inner tracker or the inner surface of the muon spec-
trometer (Fig.4.1, B), while taking into account deflections due to the magnetic field and an
average energy loss due to interactions in the calorimeter.
Extrapolated track segments are matched based on their covariance matrices and the dif-
ferences in their track parameters (Fig.4.1, C). The inner surface of the muon spectrometer
is the most effective place for track matching. The argument is purely geometrical, under
the assumption that the extrapolation and uncertainty estimation are accurate: the area of the
inner surface of the muon spectrometer is much larger than that of the outer surface of the
inner tracker, thus the track density is lower. Further, the track segments in the inner tracker
have a better defined2) direction than those in the muon spectrometer, because the latter suf-
fered from interactions in the calorimeter. Consequently, a search for matches on the inner
surface of the muon spectrometer yields less candidates per inner tracker track segment and
therefore less chances for ambiguities.
If there are multiple candidate pairs, a selection is made by taking the candidate pair
that results in the best global fit. Unmatched track segments are extrapolated to the closest
approach to the beam line in order to determine whether they came from the (primary) vertex
or originated from a decay. Finally, tracks with a good match are fitted (Fig.4.1, D), to obtain
the best estimate of the set of track parameters.
2)To be explicit: although not necessarily more precise, the direction is more accurate.
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Note that COBRA can be terminated at every point in the above described approach. In
particular, COBRA can be used to perform only the refit, yielding the covariance matrix at
every point along the track. This is useful for alignment studies. COBRA can also be run as
a back-end to a pattern recognition package, providing the final fit with fixed hits.
4.1.2. Program Layout
Figure 4.2 shows, from a software point of view, the COBRA reconstruction cycle. The
pattern recognition associates measurements to track segments and stores these segments
in a publicly accessible store. Track segments are read from this store and converted to
sets of hit objects that comply with the COBRA internal paradigm. The fit loops over the
segments, successively improving the estimates of the track parameters. For this, the fit
requires the propagator package which provides predictions based on the extrapolation of
the track parameters and propagation of their covariance matrix. The fit results are stored
back with the track and its associated hits. Finally, the track parameters are fetched for
storage in a format that is suited for physics analysis. Absent from Fig. 4.2 is the steering
entity which keeps the cycle new event→ decode→ fit→ store going.
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Figure 4.2: The COBRA application layout. On the left is the support for running within the Atlas
environment. In the middle, the abstract representation of the measurements is shown. On the right,
there are the track fit and the track propagation.
Each part in Fig. 4.2 is a separately usable package, with the exception of the track
representation and the fit, which are both part of the COBRA core library. The propagator
package is, in part, a suitably updated version of the GEANE package (Innocente et al.,
1994): for the covariance matrix propagation, the multiple scattering contribution has been
fully reimplemented, the ionisation and magnetic field contributions have been improved.
There are several modifications and fixes to conform to the latest version of the simulation
package GEANT3 (Geant Team, 1993) and there is a completely new programming interface.
Separate packages emphasise the independence of the parts and may be replaced individ-
ually by the steering entity. For example, the propagator package will need extensive updates
(which can be safely performed behind the new interface) when the offline software moves
to GEANT4 (Geant4 Team, 2001), the new, completely reimplemented simulation software.
The steering entity can then select the propagator from either package, thus allowing for ex-
tensive parallel testing. Further, there are datacards (Lavrijsen, 2001b) that allow the global
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fit to be replaced by a weighted average or it can be removed altogether, thus applying only
the local refits. Chapter 6 presents a full-fledged application of the COBRA functionality in a
different environment than the Atlas offline software, as a further proof that the fit is indeed
generic. Specific details on how to apply the package in a different software environment
can be found in Lavrijsen (2001a).
4.1.3. Functionality
COBRA needs an implementation that is generic enough to enable the use of the same track
fit in such diverse subdetectors as the Atlas inner tracker and muon spectrometer, in order to
allow for a consistent application of the global track fit. Furthermore, it needs to be resilient
against changes in the detector layout and against changes in the surrounding software en-
vironment. After all, a combined reconstruction package depends, by definition, on several
of the stand-alone reconstruction packages and the simulation, so it could be affected by
changes in any of them.
The main features of the COBRA package work towards the goal of a generic fit and resilience
against change. They are described individually and in detail in the subsequent sections of
this chapter.
• A geometry and physics independent track fit (Section 4.2). This allows for the appli-
cation of the same fit algorithm for the respective tracking detectors as well as for the
global fit.
• A geometry version independent3) track propagation (Section 4.3). This allows for
the application of the track propagation both in support to the track fit as well as
for matching of track segments. In particular, the large differences in the amount of
material and shape of the magnetic field can be accounted for.
• An abstracted representation of the measurements, or hits (Section 4.4). This is in
support for both the track fit and the track propagation.
Additionally, there is, of course, support in the package for running it within the At-
las offline software environment, including interoperability with the standard reconstruction
framework, datacards for tuning, and output that can be read by the standard analysis tools.
This support is not described here, but in the manual (Lavrijsen, 2001b) and the code com-
panion (Lavrijsen, 2001a), as this functionality is rather volatile.
4.2. Particle Trajectory Fit
The goals of a track fit were described in Section 3.1. This section presents the algorithms
that are implemented in COBRA in order to achieve these goals. A detailed overview of track
3)The track propagation requires a geometry and magnetic field description. It is, however, only the representa-
tion of the geometry information that is fixed: the actual material and magnetic field distributions themselves may
take any form.
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fit methods in general can be found in Eichinger and Regler (1981). COBRA implements
two fit algorithms, a Kalman filter (Kalman, 1960; Fru¨hwirth, 1987) and a block banded
matrix inversion (Innocente and Nagy, 1993). Both algorithms rely on predictions made
by the propagation of the accumulated information about the track parameters from one
measurement site to the next. The two algorithms are mathematically equivalent to first
order in 1/p (with p the total momentum). That is, they are equivalent if the contribution to
the covariance matrix due to propagation through the detector material and magnetic field is
dominated by multiple scattering. This is usually the case and is also true for Atlas.
In practice, the matrix inversion is more stable and converges more quickly, as the track
parameters are not updated during track propagation. This is contrary to the Kalman filter,
where the track parameters are updated in the so-called filtering sequence (see Section 4.2.1),
which consists of a combination of propagation and the computation of a new set of track
parameters at every measurement site. If the filter update is not sufficiently constrained,4)
such as in the first few iterations, then it may result in bogus values for the track parameters.
Subsequent propagation will then fail. It is of course possible to add artificial5) constraints
during the first few iterations, but the matrix inversion does not suffer from the problem in the
first place and converges already in those few iterations. The block banded matrix inversion
is therefore the default algorithm, whereas the Kalman filter is used solely for cross-checks.
All results presented in the subsequent chapters are based on the matrix inversion method.
A brief description of both algorithms is included here for completeness. In this descrip-
tion, the definition of the track parameters is left unspecified other than that it has the form
of a vector and that it has an associated covariance matrix. Similarly, the track propagation
is assumed to act on the track parameters and their covariance matrix in the proper way,
without explicit specification of its functional form. This choice, which persists in the im-
plementation, permits the algorithms to remain general and makes it straightforward to add
additional contributions to the covariance matrix that are required only at high energies (e.g.
fluctuations in energy loss due to pair production). It does, however, preclude any potential
analytical optimisation of the fit equations which would be possible if a description of the
track propagation is used explicitly (Gluckstern, 1963; Lutz, 1988). This is not a problem,
as any analytical description of the track propagation includes assumptions that are invalid
anyway for the global track fit in the Atlas detector: the differences in material thickness and
magnetic field strength simply vary too much as a function of position.
4.2.1. Algorithms
Both the Kalman filter as well as the banded matrix inversion are based on the analytical
computation of a correction to an initial guess of the track parameters. The equations that
go into the computation are linearised, under the assumption that the initial estimate does
not deviate too much from the final solution. In practice, a good enough initial estimate is
obtained from either a straight track extrapolation, a helical or circle fit, or, as is possible in
4)The filter step is always properly constrained if all of the track parameters, except perhaps the total momentum,
are actually measured directly. In Atlas, however, such is not the case.
5)For example, the results from the pattern recognition could be used.
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the specific case of COBRA, by using the track parameters from the final fits of the pattern
recognition packages.
Let x denote the measured track parameters, let V be the corresponding weight matrix
(i.e. V −1 is the corresponding covariance matrix), and let ξ denote the true track parameters.
If not all of the true track parameters are measured, then x (and similarly its covariance
matrix) is expanded with null elements for these parameters. Assume that the measurements
are ordered along the particle trajectory and let a, b denote successive measurements. The
successive sets of track parameters are then related by the transport equations F ba.
The transport equations of individual tracks are unknown due to the presence of random
processes. It is however possible to construct the F ba for the average of a sample of tracks.
The true parameters are then distributed around this average with covariance W−1ba . Let
ζ denote the average value (or, in other words, the prediction), then the relations between
successive track parameters become:
ζb = F ba(ξa). (4.1)
In practice, the true parameters are unknown. Their best estimate, the fitted parameters,
are therefore used instead and ξ is used to denote the fitted rather than the true parameters.
The covariance of the prediction must then include the covariance of the fitted parameters
as well and it is readily computed after linearisation of F ba, which results in the transport
matrix (T ba). Let σa denote the covariance of ξa, then the covariance of the prediction (σb)
becomes:
σ2b = T baσ
2
aT
T
ba +W
−1
ba . (4.2)
A fit algorithm can now minimise the distance between the measured and fitted parame-
ters, and the predicted and fitted parameters, given their respective covariances.
Block Banded Matrix Inversion
With the definitions of the previous section, it is now possible to construct a χ2 equation
based on the measurements and the predictions, that is to be minimised with respect to the
fitted parameters (with N the total number of measurements, and b = a+ 1):
χ2 =
∑
a=0,N−1
(xb − ξb)V b(xb − ξb) + (ζb(ξa)− ξb)W ba(ζb(ξa)− ξb). (4.3)
The minimum χ2 is obtained after differentiation w.r.t. to ξ and equating the result to
zero. The equation is linearised, under the assumption that the solution is a small deviation
from the initial parameters that were used to obtain the prediction values. The result of
the linearisation is a block banded matrix equation, from which the small deviation can be
computed (with c = b+ 1):
((σ2ξ)
−1 ·∆ξ)b = W b(ζb(ξa)− ξb) + V b(xb − ξb)− T cW c(ζc(ξb)− ξc), (4.4)
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where the inverse of the covariance matrix of the fitted values is given by:
(σ2ξ)
−1
ij =

−W iT Ti if j = i− 1;
W i + V i + T i+1W i+1T Ti+1 if j = i;
−T i+1W i+1 if j = i+ 1;
0 otherwise.
(4.5)
Thus, the fitted parameters only depend on the parameters corresponding to the preceding
(and hence on the next) measurement. The solution is used to compute a new set of fitted
track parameters, which are used to obtain a new set of prediction parameters. The procedure
is iterated until the fit converges. That is, until either the value for χ2, from Eq. (4.3), does
not change anymore or drops below a threshold value.6)
ζ (ξ )1 0
ξ
ξ
ζ (ξ )
ζ (ξ )
1
1
2
2
2
0
0
ξ
1
x2
x
Figure 4.3: The block banded matrix inversion algorithm. Measurements are denoted byx, predictions
by ζ and the fitted results by ξ.
The algorithm is displayed graphically in Fig. 4.3. The fitted track parameters on the
first hit are propagated to the second hit, resulting in a prediction. From there, propagation
continues with the fitted parameters of the second hit (consequently, there might be a kink
in position and/or direction) to the next, etc. During tracking, the material and magnetic
field contributions are collected in a separate covariance matrix for each segment (W−1ba ) in
between each successive pair of hits. After tracking, the results are input to Eq. (4.4). The
deviation is then readily computed by inverting the matrix of Eq.(4.5).
Kalman Filter
The Kalman filter is a linear filter, originally developed to analyse (discrete) dynamic sys-
tems. Applied as a track fit, the track is regarded as a dynamic system: the track parameters
form a state vector that evolves as a function of the distance along the track. This evolution
6)In the COBRA implementation, the former is defined as less than 10% change, for the latter a threshold of 0.5
per degree of freedom is used.
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of the dynamic system is governed by the transport equations (F ba). The filter is applied at
each successive measurement site and is therefore discrete.
There are different implementations of the Kalman filter possible, but the main three steps
of the algorithm remain the same:
• Predict the state vector at the next measurement site.
• Filter the current state vector, based upon the information from all the previous mea-
surement sites.
• Smooth the state vectors at the previous measurement sites, based upon the information
from all the previous and the current measurement sites.
The implementation of the Kalman filter in the COBRA package uses two passes: the first
performs the prediction and filtering steps, the second performs the smoothing. The filtering
and smoothing traverse the track in opposite directions.
The prediction equations are in principle as before, Eqs (4.1) and (4.2), but it is the result
of the filter (ξ¯), not of the fit (ξ), that is propagated. The filter equations read:
σ−1
ξ¯a
ξ¯a = σ−1ζa ζa + V axa, (4.6)
σ−1
ξ¯a
= σ−1ζa + V a. (4.7)
Thus, the filter computes the weighted average of the prediction and the measurement. The
result is used in the subsequent prediction step. After the filter has traversed the full trajec-
tory, the smoothing step is applied, which gives the result of the fit (with b = a+ 1):
ξa = ξ¯a +Aa(ξb − ζb), (4.8)
σξa = σξ¯a +Aa(σξb − σζb)ATa (4.9)
with
Aa = σξ¯aT
T
j σ
−1
ζb
.
Effectively, the smoothing corrects the current state with the weighted difference between
the prediction (which was based on the current state) and the fit solutions of the next state. In
order to apply the correction, the difference is propagated back to the current state by means
of the transport matrix.
The main difference between the two algorithms, already mentioned above, becomes
apparent after comparison of Eqs (4.3) and (4.6): the Kalman filter requires an estimate of
the initial covariance matrix of ξ0, besides ξ0 itself, which both fits require. This initial
covariance matrix has a full weight in the first iteration of the fit. If its values are unknown,
which is common, setting the uncertainties to large values is the only prudent approach.
That, however, has a tendency to make the fit numerically unstable through the problems
with the filter step, as mentioned in the beginning of this section.
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4.2.2. Implementation
In the previous sections, it was assumed that all ingredients to Eq. (4.3) are known. The
measurements and their covariance matrix are, of course, known from the data. The transport
equations (F ba) and the prediction covariance matrix (W−1ba ) however, need to be computed
by the implementation of the track fit. This is not always straightforward: both F ba and
W−1ba depend on the track parameters, the detector geometry (more specific, the material
distribution), and the magnetic field configuration. In Atlas, the latter two do not have a
simple description.
One possible solution to this problem is to use a detailed parametrisation of the geome-
try and the magnetic field to compute the transport equations and the covariance matrix of
the predicted track parameters. In COBRA, a propagator package (see Fig. 4.2) is used to
accomplish this. Next to providing some required parts of Eq. (4.3), the method of using a
propagator package this way is part of a larger strategy to implement the track fit in a geom-
etry version independent way. The computation of F ba and W−1ba is therefore described as
part of Section 4.4, where this strategy is explained in detail.
The remaining parts of the track fit are worked out analytically (after the linearisation)
and readily implemented in code.
4.3. Track Propagation
Track propagation means: predicting the track parameters, their uncertainties, and their cor-
relations at a certain set of positions, given some initial track parameters and, optionally,
their covariance matrix at a certain starting point. Propagation of the track parameters and
the covariance matrix is done in parallel, c.f. Eqs (4.1) and (4.2), as changes to the track
parameters lead directly to changes in their uncertainties and correlations.
The geometry of the Atlas detector is highly inhomogeneous. Consequently, it is not
possible to write down the transport equations analytically. Instead, a numerical solution
is used where tracks are propagated through the detector by means of steps that are small
enough to allow an analytical description over its length. The track parameters and their
covariance matrix are updated after each step. In the presence of energy loss through e.g.
ionisation, this means that propagation is always done with a slightly too large momentum.
Steps must therefore be truncated if the expected energy loss is above a certain threshold, in
order to keep systematic effects under control. For the parameter uncertainties, this assumes
that a gaussian approximation is valid such that the successive contributions can be added
quadratically.
The propagation needs a description of the material distribution and of the magnetic
field to compute the contributions of the physics processes that modify the parameters. The
main contributions that need to be taken into account are deflections due to the magnetic
field, multiple scattering, and energy loss due to ionisation. Each of these contributions is
described separately in the following sections.
The contributions can be made more clear when they are written out explicitly for a
possible choice of track parameters. The choice made here consists of five parameters: 1/p,
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two direction (λ, φ), and two position parameters (y⊥, z⊥). The charge, the particle species,
and the track length are left implicit. Figure 4.4 shows the definition of the angles and
positions.
z
y
x
z
x
φ
λ y
Figure 4.4: A possible definition of track parameters. The angles are chosen in the global frame, the
positions in a frame that is perpendicular to the track.
It is an explicit choice to use two different frames. The first, global, frame is most ap-
propriate to use together with a magnetic field map that has its values defined in this global
frame. Any other representation would require coordinate transformations for the compu-
tation of the field gradients, which would be very costly in terms of computer processing
time. The second, local, system has the advantage that the uncertainty on x⊥ vanishes by
definition, which would not be the case for the global frame. However, this choice implies
that the uncertainty on the total track length is non-zero, since the uncertainties on y⊥ and
z⊥ are non-zero.
4.3.1. Magnetic Field
The track parameters of a charged particle change in the extrapolation due to bending in
the magnetic field and these changes are also reflected in the covariance matrix (Wittek,
1980).7) Even in the absence of a magnetic field, the covariance matrix will change, because
an uncertainty in direction will yield uncertainties in the position after propagation. If energy
is lost during propagation, then the total momentum is a function of the propagated distance
and therefore its uncertainty as well, irrespective of fluctuations in the energy loss. That is,
there is an uncertainty on the position, thus there is an uncertainty on the total propagated
distance, thus there is an uncertainty on the total energy lost.
The deflections due to the magnetic field modify the direction of the track. Each modifi-
cation of the direction is accompanied with an uncertainty on it, which is constructed from
three components. The first component comes from the uncertainty on the total momentum,
as muons of different energy are deflected differently. Secondly, there is the uncertainty on
the step size. If the total length that the particle travels is longer, then it will experience a
larger deflection and vice versa. Finally, even though it is by definition homogeneous over
the range of the step, the magnetic field strength can have an apparent change if the coordi-
7)There is an error in Wittek (1980) in the transformation from the ‘natural’ multiple scattering system to the
system in which the author performs the propagation (which is the natural system of the magnetic field). The angle
transformation should read dβ = dλ (i.e. without the minus sign).
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nate systems at the start and end of the step are not the same. This translates into a modifi-
cation of the uncertainty on the total bending. If the magnetic field configuration is highly
inhomogeneous, then there may be locations where there are strong field variations that are
transverse to the particle trajectory. For example, a strong convergence of magnetic field
lines will pinch tracks into a preferred direction, thereby increasing the correlations between
the directions and positions. These effects are important in the Atlas muon spectrometer in
the regions near the magnet coils.
The correlation terms are readily computed once the coordinate system in which the track
parameters are propagated is chosen. It is possible to choose a coordinate system that zeroes
out the uncertainty on one of the track parameters, albeit at the expense of some additional
correlation terms and, if the coordinate system is not fixed with respect to the magnetic field,
an additional contribution to the uncertainty on the magnetic field strength due to its apparent
change.
With the track parameters given by the definition of Fig. 4.4 and with (H1,H2,H3)
denoting 0.0003× charge× field GeV/cm / kG, the following matrix (multiplied by the step
length and the change in track parameters) is added to the covariance matrix at the end of
each step:
0 0 0 0 0
H2 0 H0p −H2H3p2 − δH2/δy⊥p H2H2p2 − δH2/δz⊥p
− H3cosλ H0p cos2 λ tanλH2p − H3H3p2 cosλ − δH3/δy⊥p cosλ H3H2p2 cosλ − δH3/δz⊥p cosλ
0 0 0 0 −H3 tanλp
0 0 0 H3 tanλp 0

(4.11)
4.3.2. Multiple Scattering
Charged particles undergo a series of small angle scatters off the electron clouds of the atoms
of the material that they pass through. There are several parametrised descriptions for the
computation of the r.m.s. of a sample of tracks after passage through a certain amount of
matter. The two most commonly used methods are those of Highland (1975, 1979), referred
to as the ‘Highland form,’ which measures the amount of matter encountered in terms of
radiation lengths, and Lynch and Dahl (1991), which uses a semi-empirical model based on
the Molie`re scattering formulas (Bethe, 1953).
In the Highland form, for a slab of material of thickness x/X0 (that is, the number of
radiation lengths), the r.m.s. of the scattering angle is given by:
θ0 =
13.6 MeV
βcp
Z ′
√
x/X0 [1 + 0.038 ln(x/X0)] (4.12)
for a particle of momentum p, velocity βc, and charge number Z ′. This equation is, over the
range 10−3 < x/X0 < 100, accurate to 11% or better.
There are several immediate problems with this form. First, the variance of the scatter-
ing angle is not linear in the step size, because of the logarithmic term. Thus, a gaussian
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approximation is not valid. Second, the average step size in the track propagation is much
smaller than 10−3 radiation lengths. Consequently, the results are not as accurate as would
be possible with this formula. Finally, several steps are so small, that the logarithmic term
will yield a large negative value, which results in an invalid r.m.s. value.
An improvement is obtained by directly using the Molie`re scattering formulas for the
characteristic (θc) and screening angle (θs):
θ2c = 0.157 [Z(Z + 1)X/A] [Z
′/(pβc)]2 , (4.13)
θ2s = 2.007× 10−5Z2/3
[
1 + 3.34(ZZ ′α/(βc))2
]
/p2 (4.14)
where Z and A are the charge and atomic weight of the scattering material, X is the path
length in g/cm2 and α is the fine structure constant, the other symbols are as before. The
characteristic angle measures the thickness of the material and completely defines the distri-
bution of scattering angles. For sufficiently small scattering angles, the size of the scatterer
atom needs to be taken into account. This is quantified by the screening angle, which is used
as a small angle cut-off value. The average number of scatters is given by the ratio θ2c/θ2s .
A good, semi-empirical description of the r.m.s. of the scattering angle is then given by8):
θ20 =
θ2c
1 + F 2
[
1 + v
v
ln(1 + v)− 1
]
(4.15)
where
v = 0.5θ2c/(θ
2
s(1− F )).
F is the central fraction of tracks from the multiple scattering distribution that is included.
These formulas, which are not exact, are valid over a larger range than Eq. (4.12), accurate
to better than 2%, and the lower limit of v → 0 is well behaved.
In practice, there are still a lot of steps that fall outside the valid range of the scattering
formulas which, although they are well behaved for such small steps, leads to a systematic
underestimation of the total r.m.s. scattering angle. For small distances or regions of the
detector where there is little material, this is acceptable, but it is not when e.g. the Atlas
calorimeter is traversed. The solution is found in performing the propagation twice: once
to compute the total amount of material expected and a second pass to distribute the con-
tribution accordingly along the trajectory. In simple propagation, this doubles the required
amount of computing time. In an iterative procedure that will converge, such as a track fit,
the expected material of the previous iteration can be distributed along the trajectory of the
current iteration. That way, the procedure only incurs the cost of one additional iteration,
which is usually already required as initialisation iteration.
For the Highland form, the total amount of expected material is simply a sum of the
radiation lengths along the particle trajectory. In the case of the Molie`re scattering formulas,
8)Conform equation (7) of Lynch and Dahl (1991), which contains a typographic error: the formula yields σ2,
not σ (where σ is the r.m.s. of the scattering angle).
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the characteristic angle can simply be summed as well. The estimate of the total screening
angle, however, is more accurate if an effective screening angle is computed:
ln(θs−effective) =
∑ XZ(Z + 1)
A
ln(θs)/
∑ XZ(Z + 1)
A
. (4.17)
Given the r.m.s. of the multiple scattering, it can be added directly to the covariance
matrix in the plane that is perpendicular to the track direction as multiple scattering has no
preferred direction. For example, for the definition of track parameters (1/p, λ, φ, y⊥, z⊥)
from Fig.4.4, the following matrix is to be added to the covariance matrix at the end of each
step (of length s):
0 0 0 0 0
0 θ20 0 0 −θ20s/2
0 0 θ20/ cos
2 λ θ20s/(2 cosλ) 0
0 0 θ20s/(2 cosλ) θ
2
0s
2/3 0
0 −θ20s/2 0 0 θ20s2/3

(4.18)
4.3.3. Ionisation Fluctuations
Up to muon energies of ∼100 GeV, the main energy loss process is ionisation. At higher
energies, pair production and bremsstrahlung first become important contributors and finally
become the dominant energy loss processes, as shown by Fig.4.5. This section treats only the
ionisation, which covers the region where combined muon reconstruction is most interesting
within the context of Atlas (roughly 20–80 GeV/c in pT) and treats other energy losses as a
correction with a size given by their relative importance.
Energy loss due to ionisation is a stochastic process and the fluctuations in the energy
loss therefore contribute to the covariance matrix. There are several models that describe the
fluctuations in ionisation. The appropriate choice of a model depends on the muon energy
and the total amount of material that is traversed and can be selected by considering the ratio
between the mean energy loss and the maximum allowed energy transfer in a single collision
with an atomic electron. This ratio measures whether most particles lose their energy in a few
or a large number of collisions. It becomes larger for thicker absorbers and/or less energetic
muons. If the ratio is large, i.e. if the mean energy loss is large compared to the maximum
single energy loss, then the total energy loss will occur as a sequence of small energy losses.
In that case, the energy loss can be described by a gaussian distribution, because of the
central limit theorem. On the other hand, if the ratio becomes small, the energy loss is better
described with a Landau distribution (Landau and Pomeranchuk, 1953a,b). Contrary to the
gaussian distribution, the average value and the most probable value of a Landau distribution
are not identical,9) which makes the uncertainty on the energy loss asymmetric.
9)Strictly speaking, they aren’t the same for the gaussian distribution either. This is because a particle can lose
no more than its total energy and the minimum energy loss is zero.
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Figure 4.5: The average energy loss of a muon in hydrogen, iron, and uranium as a function of the
muon energy, from Groom et al. (2000).
In the implementation that has been chosen in COBRA, the propagation of a covariance
matrix, it is not straightforward to propagate an asymmetric uncertainty. In the matrix ap-
proach, the propagated uncertainties on and the correlations between the track parameters
are represented as numbers, not distributions. Furthermore, as mentioned at the beginning
of Section 4.3, gaussian approximations are preferred, as they allow for the addition of vari-
ances in successive steps. In the combined, global fit, the dominant contribution to the energy
loss comes from the traversal of the calorimeter, where the gaussian approximation is fully
justified. As it turns out, the approximation is good enough for the inner tracker and muon
spectrometer stand-alone fits as well.
For the example track parameters that were defined at the beginning of this section, there
is only a contribution to 1/p. With Z ′, βc, and p the charge, velocity, and total momentum
of the incoming particle, with Z, A, and ρ the charge, atomic weight, and density of the
absorber material, and with δx the step length, the contribution to the uncertainty on p reads:
σ2ion = 153.4 · 10−6(
Z
β
)2
Z
A
ρ δxEmax(1− β2/2) (4.19)
where Emax is given by:
Emax =
2meβ2γ2
1 + 2γme/M + (me/M)2
(4.20)
with me the electron mass, M the mass of the particle that traverses the absorber and the
Lorentz factor is given by γ2 = 1/(1− β2). The other energy loss processes are taken into
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account by scaling the ionisation loss fluctuations with the proper amount:
σ2 = σ2ion(1 + (∆Eother/∆Eion)
2). (4.21)
The contribution to 1/p is then readily computed by multiplication with the Jacobian (1/p2).
4.4. Abstraction Method
The track fit algorithms, as presented, do not depend on a particular choice of representation
of the track parameters and neither does the track propagation (the presented representation
is just one example). The detector elements do not adhere to just one representation. Dif-
ferences in technology, layout, and position make it impossible to choose one representation
that is natural to all measurement sites. There are two possible solutions: either all mea-
surements are converted into a chosen, global representation, or the fit applies all constraints
locally in a frame that is natural to the detector element. Both solutions require transfor-
mations from and to the representation that is used in the track propagation and the local
representations. The difference is in what is transformed. In the first solution, the con-
straints as set by the measurement are transformed to the global representation, whereas in
the second solution, the predicted (and fitted) track parameters and their covariance matrix
are transformed to the local representation. The second option is the simplest, if a bit of care
is taken in the choice of local systems, because it is then possible to set all (or at least most)
of the correlation terms between the measurements equal to zero. In fact, it is not practical to
take all the appropriate correlations into account, because of large differences in magnitude
of the measurement uncertainties and the limited precision of numerical computations.
It is very likely that the Atlas detector layout will undergo several more changes before
the LHC operation starts. There is then an additional advantage to the second solution, since
it allows all detector specifics to remain completely local, both for the algorithms as well as
in terms of code implementation. Even the addition of a completely new detector technology
would not require any changes to the track fit, nor to the track propagation.
4.4.1. Generalisation Principles
Each measurement that is associated with a track, defines a position10) in space. The par-
ticle’s trajectory passed through the ranges defined by the uncertainties around these posi-
tions.11) Each such range is therefore a geometrical constraint on the trajectory and therefore
on its track parameters. The track fit is a search for the physically valid track that is most
consistent with these geometrical constraints.
This then, leads to the following recipe for the track fit implementation:
10)The possible measurements of other parameters, such as direction, charge, momentum etc. are left out of the
discussion. Their inclusion doesn’t change anything: they are treated the same way as are position measurements.
11)Second order effects, such as Lorentz angle corrections or varying accuracy as a function of one of the actual
positions are taken into account by dynamically modifying the ranges and/or local positions.
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1. Compute the prediction at the measurement sites, by means of track propagation. The
predictions are in the global frame.
2. Transform the predictions to the appropriate local frames and apply the fit equations
(e.g. the contribution to the total χ2) locally.
3. Perform the fit and update the parameters in the local frames.
The local result can be transformed back to the global frame for a subsequent propagation
or for the analysis.
Both fit algorithms of Section 4.2 connect the constraints of successive hits by means of
the transport matrix (which was defined in Section 4.2.1). For the fit equations to be valid,
this matrix must include the coordinate transformation from the local frame of the previous
hit to the one of the present hit and vice versa, see for example Eq.(4.2).
The main point is that the code that maintains the local frame can take the prediction in
the global frame as input and return from that the prediction in the local frame, together with
the local measurements and uncertainties. These are then presented to the fit as the list of
parameters, with no further specific meaning, that are to be constrained. The transformation
code is different for each kind of measurement, but readily exchangeable from the point of
view of the track propagation and the fit. Thus, resilience against change is achieved.
4.4.2. Abstraction of Measurements
The final step is to set up the appropriate abstractions for each of the types of measurement
that occur in Atlas. This is achieved by viewing the hits as geometrical constraints in a local
coordinate system, which should be chosen such as to minimise correlations. This section
explains how this is done, in COBRA, for isotropic space points, anisotropic space points (in
Atlas, strip hits), cluster hits and hits which rely on a drift model.
In Atlas, there are two basic types of hits: anisotropic space points (or strip hits) and hits
with a radial drift model (drift hits, for short). The reconstructed space points in the muon
spectrometer could be used as isotropic space points, but although COBRA supports these,
there is no reason to use them in Atlas, as they are a bit unnatural. The pixel detector is
designed to produce clustered hits, but describing them as strip hits with slightly increased
weight works fine.12) As yet, COBRA does not incorporate hits with a direction constraint,
but these are trivial to add, as the fit supports them.
The term ‘constraint’ as used in the following paragraphs always concerns measurement
uncertainties used as geometrical constraints, not the real geometrical constraints (i.e. the
limits of the detector element). In particular, and because gaussian statistics are used, in the
case of a strip hit, length /
√
12 is the constraint, not the geometrical length of the strip (and
naturally, in the other direction the constraint is pitch /
√
12).
12)A cluster of two hits is more accurate than a single hit, because the centre of gravity is used. But if a single
pixel is hit even though the neighbouring pixels are operating properly, then the track must have passed close to the
pixel centre and the measurement may be considered to be more accurate than a strip hit.
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Isotropic Space Points
An isotropic space point has, by definition, the same uncertainty in every direction (see
Fig.4.6, A). That is, the constraint on its centre position is controlled by only one parameter.
As a first step towards generalisation, a coordinate system, intersecting the centre of the hit,
is defined locally (Fig.4.6, B). In principle, the plane that defines the coordinate system can
have any direction. However, a plane more or less perpendicular to the local track segment
is easiest to work with, because it guarantees that the extrapolation will hit the plane and
it decreases the chance that the planes of successive measurement sites cross. Next, the
uncertainties are transformed to the local system (Fig.4.6, C).
In the local system, the constraints are now explicit only on two (local) parameters,
represented by arrows in the figure. The third parameter has become implicit in the form of
the track length, i.e. in the requirement that the plane is crossed by a particle trajectory that
is physically valid.
(B) (C) (D)(A)
Figure 4.6: Generalisation of an isotropic space point. The uncertainties are equal in all directions,
thus the orientation of the coordinate system does not matter.
The fit sees the local coordinate system13) and links the constraints up with the track pa-
rameters as extrapolated onto the plane (Fig.4.6, D): the fit minimises the distance between
the track-plane intersection and the local centre of the plane.
Anisotropic Space Points
In the anisotropic case, two cases are distinguished. Either one of the three local directions
has a significantly smaller uncertainty than the other two, or it has a significantly larger
uncertainty. The first is the case in the SCT in Atlas, hits of this kind are therefore referred
to as strip hits. The other case is described in the next section, as a large uncertainty in one
direction will yield clustered hits.
A strip hit is rather similar to an isotropic space point (Fig.4.7, A; for clarity the un-
certainty due to the strip thickness has been left out). As a consequence of the unequal
constraints, it is not possible to just choose any direction for the local plane. Instead, the
strip geometry dictates the local plane (Fig.4.7, B).
13)Actually, as explained before, it doesn’t: the fit never has access to the local coordinate system. Nevertheless,
I think it may be conceptually clearer to imagine that it does.
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(B)(A) (C)
Figure 4.7: Generalisation of an anisotropic space point. As the uncertainties are not the same in all
directions, there is a natural orientation for the coordinate system.
The result, as far as the fit is concerned (Fig.4.7, C), is the same as for the isotropic space
point. As mentioned, the uncertainty on the hit is used and not the geometrical boundaries of
the strip: the fit is, theoretically at least, allowed to place the final position outside the actual
strip.14)
Clustered Hits
If sensitive detector elements are constructed in a row and have a large extent in one direction,
then they will produce cluster hits (Fig.4.8, A) when a track crosses under an angle. (If it
does not, the resulting single detector element which fires is still a cluster, albeit a small one.)
A cluster is transformed into a position at the ‘centre of gravity’ (with the corresponding
uncertainty) and an angular constraint, derived from the shape of the cluster (Fig.4.8, B).
Note that the uncertainties on these constraints are correlated. The latter holds an ambiguity
which is to be resolved by the fit. The local coordinate system is defined by a plane parallel
to the detector elements and through the ‘centre of gravity.’
(A) (C)(B)
Figure 4.8: Generalisation of a clustered hit. There is one natural coordinate system. A choice needs
to be made between the two possible constraints on the track direction.
For the fit, direction constraints are equivalent to position constraints (Fig.4.8, C). The
ambiguity is resolved by the hit, which selects, when asked for it, the direction constraint best
suited to the current fit parameters. In COBRA there is, at the time of writing, no code that
directly implements the clustered hit, but the fit takes potential constraints on local direction
14)In practice, the actual geometrical position isn’t well known, due to misalignment. Thus, putting the hit outside
the detector element is not by definition bad. The final alignment can be determined from the residuals of the fit.
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into account. Thus, all an implementation of a clustered hit needs to do for the code to work,
is to fill in non-null values for these constraints.
Hits with a Drift Model
The generalisation of hits with a drift model is quite different from any of the previous kinds
of hits, as there is no naturally suggested plane. In Atlas, there is one type of drift hit: both
the straw tubes in the TRT and the drift tubes in the MDTs have a radial symmetry: the
drift hit consists of a drift distance to some wire, the direction and position of which are
known. The constraint consists of an annular shaped region defined by the drift distance
(Fig.4.9, A). A local coordinate system is defined by choosing a plane going parallel with
and through the wire (Fig.4.9, B) and as a consequence there is a left-right ambiguity. This
ambiguity is the only model dependence that is applied to such a drift hit: the correction
due to the propagation time along the wire is small and taken into account by the pattern
recognition instead of by the drift model. The plane’s orientation in global space can not be
defined until the particle trajectory is known.
(A) (B) (C)
Figure 4.9: Generalisation of a hit with a radial drift model. The drift wire defines one of the axes of
the local coordinate system, the others are adjusted such that the system is perpendicular to the track.
The location of the trajectory resolves the left-right ambiguity.
During fitting, the local plane must be adjusted to be as perpendicular as possible15) to
the particle track, as the particle trajectory itself is tangential to the circle defined by the drift
distance (Fig.4.9, C). Furthermore, the sign of the drift distance must be allowed to flip, as
the sign is determined by the fit, not by the measurement. Neither concerns the fit: in the
local system, the distance to the origin (the wire), and the constraint (a delta around the drift
distance) is always the same.
4.5. Strengths and Weaknesses
There are two kinds of assumptions made in COBRA. The first kind, involving things like the
availability of pattern recognition packages and a geometry in GEANT, is solvable if any of
15)In the COBRA implementation, a correction, which is of the order of cosα with α small, to the drift time is
calculated. This is a much faster and more stable approach than the actual rotation of the plane.
60 Cobra
them turns out to be false. The second kind consists of more fundamental assumptions, those
that need to be valid for the concepts behind COBRA to be valid. If any of these fundamental
assumptions turns out to be flawed, it will be difficult, if not impossible, to use COBRA. For
the Atlas environment (given the current simulation software) at least, these assumptions
have been proven to be valid (see Chapter 5). When used in any other environment, or a
drastically changed Atlas software environment, the validity must be checked again.
The following lists the fundamental assumptions that have been identified and tested.
1. The real geometrical constraints (the detector element edges) need not be considered.
2. The main contribution to the uncertainty on parameters with geometrical meaning
(positions, directions) comes from multiple scattering.
3. All constraints have a gaussian distribution or can be reasonably well approximated
by one.
4. χ2 minimisation leads to the optimal, physical track.
COBRA does not know about geometry. It is therefore possible, that the fit forces the
fitted position outside a detector element. Of course this can happen if the hit does not
belong to the track, but was mistakenly assigned to it anyway. Or, more likely (given a high
quality pattern recognition), if the current layer is misaligned with respect to the previous
and the next layer, then these surrounding layers pull the fitted track into one direction. If
the real hit was already on the edge of the detector element, then the misalignment might pull
it outside the detector element. In a perfectly aligned detector (like in the simulation), the fit
had better keep the hits inside the detector element. The way to check this, is by looking at
the residuals of the hits (not, of course the fit residuals, where the hit under consideration has
not participated in the fit). It turns out, that indeed, the fit sometimes does pull a hit outside
the detector element, but this is extremely rare: detector element edges are clearly visible in
the residual distribution, at the correct distance and sharply defined.
In the derivation of the equations that form the fit as used in COBRA, there is a linearisa-
tion in 1/p (where p is the total momentum). This is valid if multiple scattering is the main
contributor to the uncertainty of position and momentum, as the multiple scattering contribu-
tion to the uncertainty of the prediction is linear in 1/p. The other important random process
is loss of energy due to ionisation. Its contribution to the uncertainty of the parameters with
geometrical meaning is only indirect: fluctuations in momentum yield different contributions
due to magnetic field gradients (as the deflections are different at different particle energies).
In practice, this means that multiple scattering always dominates the fit, even if energy loss
fluctuations are the dominant physics process.
The weights on the prediction come from the inverse of the covariance matrix, which
is dominated by multiple scattering. As such, these weights are the widths of a gaussian
distribution around the average track. The geometry constraints, however, come from a
uniform distribution (strip hits) or from some gas-specific, non-symmetric distribution (drift
hits). It is assumed in the fit, that the weighting according to the inverse of one standard
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deviation of the applicable distribution is a valid weight, and that hits and predictions can
be compared based on this definition of weight, regardless of the underlying distribution.
In order to test this assumption, hits can be assigned different weights (which effectively
scans the magnitude of the uncertainty on the uncertainty). The fit is very stable against
such modifications and the naively chosen values are indeed the optimal ones, in terms of
momentum resolution.
Finally, the COBRA fit is based on a minimisation of a weighted average of the measure-
ment and the predictions of the track segments formed by the hits that come before and after
the current hit, respectively. This weighted average is expressed as a χ2 equation, which is
minimised by differentiation with respect to the true hit parameters. This is a well proven
method, but it might cause problems in the case of the combined, global fit, as the prediction
of the muon spectrometer track segment is propagated through the calorimeter, potentially
losing all predictive power. To counter that, COBRA does not use the classic inverse ma-
trix approach, but has a block-banded matrix approach, which only relates every hit to the
previous and the next hit, not to all the others. Of course, each previous and next hit are
themselves related to their previous and next hits, thus in the end, all hits are related to all
others. This way, COBRA has no problems traversing the calorimeter in the global fit.
The assumptions are checked more quantitatively in the next chapter, which makes a
prediction of the COBRA performance based on single-track Monte Carlo simulation studies.

CHAPTER 5
Cobra Physics Performance
The expected ‘physics’ performance of the COmBined muon Reconstruction for Atlas pack-
age is estimated with Monte Carlo simulation studies. This chapter consists of two parts: the
first part gives a proof of concept of the generic fit, as implemented in COBRA, and tests the
fit qualitatively. The second part uses single tracks to estimate the COBRA physics perfor-
mance and compares some of its results with those of other Atlas offline software packages.
5.1. Expected Performance
The Atlas detector is a multi-purpose detector designed for a broad physics programme. The
parts of this programme that depend on a good lepton momentum resolution include the
discovery of the Standard Model Higgs boson, discovery of possible supersymmetric signa-
tures, and improvements on the results of other (current) detectors in the fields of b-, t-, and
W±-physics. Atlas must therefore have a good momentum resolution of about ∆pT/pT ∼2%,
which should be independent of tranverse momentum and pseudorapidity up to∼100 GeV/c
in pT. Furthermore, a resolution of ∆pT/pT ∼10% for leptons with a very high transverse
momentum (∼1 TeV/c) is needed for the possible discovery of exotic physics such as new
heavy gauge bosons (Atlas Collaboration, 1994).
The overall performance of the inner tracker and muon spectrometer can be estimated
with some simple analytical formulae, based on their intrinsic resolutions, the spatial distri-
bution of their measurements, the average strengths of their magnetic fields, and the total,
average amounts of multiple scattering (Groom et al., 2000). The effects of misalignment
and uncertainties in the magnetic field strength on the performance are small1) and are there-
fore not taken into account in this relatively crude estimate.
The estimation is straightforward for the inner tracker, especially in the barrel section
where the approximation of a homogeneous magnetic field holds well. There are 8 space
points (3 from the pixel detector, 4 from the SCT, and 1 from the TRT) in the barrel section
and 14 (4, 9, and 1, respectively) in each of the end-caps. The magnetic field in the end-caps
1)To be specific, the detector requirements demand that these effects are small.
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is taken to be 1.5 T on average, whereas in the barrel the value of 2.0 T is used. This results
in the following estimates for the barrel and the end-caps, respectively:
σ(
∆pT
p2T
) = 0.00032⊕ 0.013
pT
√
sin θ
, (5.1)
σ(
∆pT
p2T
) = 0.00045⊕ 0.018
pT
√
sin θ
. (5.2)
The first contribution is from the intrinsic resolution and spacing of the detector elements, the
second term estimates the effect of multiple scattering and is mainly important for the mo-
mentum measurement of low energy particles. The θ-dependence follows from the reduced
radial lever arm at high |η|.
The toroidal magnetic field in the muon spectrometer is rather inhomogeneous, thus the
approximations are crude indeed and the estimate will not be very accurate. Nevertheless, the
estimate can still be used for a comparison with the inner tracker result and is therefore use-
ful. There are many measurement points in the muon spectrometer. These are, however, not
spaced evenly along the particle trajectory, but clustered at the positions of the multilayers.
The measurements of the multilayers are approximated with space points with an accuracy
of 50 µm each and the magnetic field is taken to be 0.5 T on average in both the barrel section
and the end-caps. The results are the following estimates for the stand-alone performance on
the entrance of the muon spectrometer, for the barrel and end-caps, respectively:
σ(
∆pT
p2T
) = 9 · 10−5 ⊕ 0.018
p
, (5.3)
σ(
∆pT
p2T
) = 1.3 · 10−6 ⊕ 0.022
p
. (5.4)
As before, the contributions are from the intrinsic resolution and multiple scattering, re-
spectively. The estimate of the intrinsic term is far too low, but then the assumption of a
homogeneous magnetic field over the full size of the muon spectrometer is, of course, in-
valid to begin with. However, the most important conclusion is still valid: it is the multiple
scattering term that dominates the resolution up to much higher momenta than is the case for
the inner tracker.
The results of a detailed study of the contributions to the momentum resolution in the
muon spectrometer, but now on the primary vertex, are presented in Fig.5.1.
The material in the muon spectrometer is not uniformly distributed, but very localised
and consists mainly of the toroid coils, the support structure (feet, struts, voussoirs, etc.), and
the chambers themselves. Fluctuations in energy loss in this material and in the calorimeter
are the largest contributor to the limitation in momentum resolution up to a particle transverse
momentum of ∼20 GeV/c. For pT above ∼100 GeV/c, it is the intrinsic detector resolution
that is the most important factor and for the region in between, it is multiple scattering. Com-
bined muon track reconstruction is most effective in improving the momentum resolution in
the range 20 GeV/c < pT < 80 GeV/c, i.e. the range where multiple scattering is dominant.
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Figure 5.1: Contributions to the momentum resolution of the muon spectrometer averaged over
|η| < 1.5 (left) and averaged over |η| > 1.5 (right). From Atlas Muon Collaboration (1997).
5.2. Proof of Concept
The COBRA package utilises abstractions of measurements to implement a generic fit (Chap-
ter 4). The generic fit and its generalisations are the keys to a simple and straightforward
implementation of the global fit of combined track segments. The claim is that the generic
fit can be applied to completely different detector geometries without loss of physics perfor-
mance compared to a dedicated fit. Furthermore, it is claimed that the applied generalisations
do not lead to non-physical results. These claims are checked in the following two sections.
5.2.1. Reuse of the Generic Fit
Performing the exercise is the most effective way to prove that the generic fit works for
completely different detector setups. As implemented in COBRA, the same code is used
for the refits in the inner tracker and the muon spectrometer, as well as the global fit of
combined track segments. The detector layouts of the inner tracker and muon spectrometer
are sufficiently different to consider the claim proven if the refits perform well. A direct
comparison can be made between the results of the COBRA refit and those of the final fits
of the pattern recognition packages in the stand-alone tracker detectors. The results of the
global track fit can not be compared this way, but it must yield a momentum resolution that
is at least as good as the results of a weighted average of the refits.
A sample of single, negatively charged muons with a transverse momentum of 45 GeV/c,
distributed uniformly over the range |η| < 2.5, was run through a Monte Carlo simulation of
the Atlas detector. No background was added to the simulation, the detector was assumed to
be 100% efficient and perfectly aligned. The simulated responses of the detector elements
were stored and the muon momenta were reconstructed. The pattern recognition in the inner
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tracker was performed by IPATREC and in the muon spectrometer by MUONBOX, both were
described in Section 3.2. The results are presented in Fig.5.2.
The momentum resolutions of the COBRA refits are similar to the results of the final fits of
the pattern recognition. The combined result is similar to the result of a simple weighted av-
erage (which could be2) 2.0%), but the non-gaussian tails are considerably less pronounced.
Thus it is concluded that, for what concerns the global features, the generic fit performs well,
the resolutions are even better than the results of the relevant dedicated fits.
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Figure 5.2: The momentum resolutions obtained from IPATREC (top left), the COBRA refit in the inner
tracker (top middle), MUONBOX (lower left), the COBRA refit in the muon spectrometer (lower middle),
and the COBRA global track fit (right). Each of the distributions is fitted with a gaussian function. Note
that for the results in the muon spectrometer only the 2σ interval around the central value is fitted.
A more detailed comparison is shown in Fig.5.3 where the COBRA refit results are plotted
against the pattern recognition results. There are no clear discrepancies, the differences
between the results of the refits and those of the pattern recognition are much smaller than
the overall momentum resolution, as was expected. The plot for the muon spectrometer
shows a few exceptional cases where one of the fits performs well whereas the other performs
badly. As it turns out, these cases are mainly located in the areas where the fit is the most
difficult: they consist of tracks that cross lots of support material or pass close by or through
the magnet coils. These cases can therefore be attributed to differences in the way each
fit handles the material and magnetic field contributions to the uncertainties on the track
parameters. The conclusion is again, that the generic fit performs at least as well as the
respective dedicated fits.
2)The momentum resolution from the muon spectrometer at the vertex is 3.0% for the full distribution (2.7% for
the central 2σ). In practice, the final weighted average distribution is slightly broader (∼0.1–0.2%) than expected
from the estimate that uses only the gaussian widths because the non-gaussian tails are mixed into the central part
of the distribution.
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Figure 5.3: Detailed comparison of the momentum resolutions obtained from the COBRA refit and the
result of the IPATREC final fit (left) and similarly for COBRA and MUONBOX (right). All results are for
single muons with pT = 45 GeV/c.
5.2.2. Test of Measurement Abstraction
COBRA does not use any explicit geometry information. In particular, the geometrical con-
straints set by the edges of the detector elements are not used. The fitted, local trajectory
position may therefore fall outside the detector element that registered the hit, if this im-
proves the χ2 of the fit. In practice, this cannot happen too often as all the track segments
did already pass the pattern recognition selection and final fit. Still, it is important to test
this assumption: if the test fails, it points to problems in either the generic fit or the pattern
recognition.
A nice way to test the effects of the lack of hard geometry constraints is found in the outer
semiconductor tracker (SCT, Section 2.3.2) layers in the barrel part of the inner tracker. The
strips in these layers consist of two silicon strips of 6.41 cm each, bonded together in order to
be able to use only one readout channel. Consequently, there is a dead region where the two
strips meet. An abstracted strip hit as implemented in COBRA, always uses the strip centre
as the initial local position for the fit. For these SCT layers the COBRA initial local position
is therefore exactly in the dead region where a true hit can not be recorded. If the COBRA fit
is working properly, then the fitted position must move out of the dead region and must be
distributed uniformly over the active regions of the two strips. This is exactly what is seen
in Fig.5.4, which shows the distributions of the hit residuals (i.e. fitted - initial) for the strip
length coordinate for the 2nd, 3rd, and 4th layer in the barrel SCT.
The COBRA fit does indeed move the fitted positions out of the dead region and does
not cross the geometrical strip boundaries. The residual distributions are also flat, as they
should be: there should be no accumulation of residuals around the strip centre. That result
is, however, fully attributable to the fact that the strip length coordinate bares no weight
whatsoever w.r.t. to the strip pitch coordinate.
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Figure 5.4: Strip length coordinate in the local frame for the 2nd, 3rd, and 4th barrel SCT strips. The
distributions include all strips from the selected layer, that is all strips of both stereo angles and all
strips over the full range of φ.
5.3. Quality of the Generic Fit
The quality of a track fit can be tested directly by such quantities as the residual, the pull, and
the χ2 probability distributions. That is done in this section, which uses the same sample of
muon tracks as Section 5.2. The advantage of muons with pT = 45 GeV/c is that the inner
tracker and muon spectrometer perform similar in terms of momentum resolution on the
vertex (when the non-gaussian tails are excluded, see Fig.5.16 in Section 5.5.3).
5.3.1. Residuals
The residual of a track parameter is the difference between its measured and fitted values.
If the measurement was included in the track fit, the residual is called a hit residual, if not,
for example by setting the weight of its layer to zero, it is a fit residual. The distributions of
the hit residuals are expected to have a gaussian shape with a 1σ width that is smaller than,
but close to, the measurement uncertainty. Smaller, because, by definition, the fit pushes
the actual track parameters in the direction of the measurement, within the constraints set
by the other measurements before and after the current one. There is a bias in the case of
the inner and outermost detector elements, as the trajectory is only constrained from one
side. Consequently, the widths of their residual distributions are more than a bit smaller than
the corresponding uncertainties. Similarly, the width should be equal to the measurement
uncertainty for fit residuals: if the hit is excluded from the fit then the residual is determined
by the projection of the trajectory onto the measurement plane. If the distance to the previous
and next measurement is short and/or if there is little or no material in between, then the
prediction is rather accurate and the measurement uncertainty is retrieved (since the hit lies
on the trajectory because of the selection by the pattern recognition).
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Both kinds of residual distributions form a direct test of the accuracy of the uncertainties
that are input to the track fit. In particular, it is important that the distributions have no or
only small non-gaussian tails.3)
residual, SCT (µm)
hi
t c
ou
nt
 / 
2 
µm µ = 0.05 ± 0.4σ = 20.0 ± 0.3
residual, SCT (µm)
hi
t c
ou
nt
 / 
2 
µm µ = -0.05 ± 0.4σ = 23.2 ± 0.3
residual, pixel (µm)
hi
t c
ou
nt
 / 
0.
6 
µm µ = -0.15 ± 0.09σ = 6.31 ± 0.07
0
25
50
75
100
125
150
175
200
225
250
-80 0 100
0
25
50
75
100
125
150
175
200
-80 0 100
0
50
100
150
200
250
300
350
400
450
-25 0 25
Figure 5.5: Hit residual distributions for the outer three SCT layers (solid, dashed, and dotted in
inward order) in the barrel (left), fit residual distribution for the 2nd barrel SCT layer (centre), and hit
residual distribution for the three pixel layers (solid, dashed, and dotted in outward order; right). The
gaussian fits in the left and right plots are to the distributions of the outermost SCT and innermost pixel
layer, respectively.
Figure 5.5 shows some examples of residual distributions. The shapes and widths of the
distributions are as expected and there are no significant non-gaussian tails. The second plot
shows the residuals from the 2nd SCT layer in the barrel when that layer is excluded from
the fit. The width of the distribution is indeed about 23.1 µm, which is the measurement
uncertainty (i.e. 80 µm / √12). The conclusion is that the residual distributions do not
indicate any problems.
5.3.2. Momentum Pull
The fit yields an estimate of the uncertainty on the fitted momentum. The generated mo-
mentum (truth) is known from the simulation, thus a pull for the fitted momentum can be
constructed, with p denoting the total momentum:
1/pfit − 1/ptruth
δ(1/pfit)
(5.5)
The pull distribution for a sample of tracks is expected to have a gaussian shape with a 1σ
width of one. A deviation from this ideal shape does not automatically indicate a problem
3)The distribution of angular deviations from the average trajectory caused by multiple scattering has non-
gaussian tails. In the fit, only the central core of this distribution (which has a gaussian shape) is taken into account.
Thus, having some non-gaussian tails in the residual distributions is unavoidable.
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in the results of the fit. If all uncertainties that are used in the fit are scaled by the same
value, the final result will not change as the relative weights will still be the same. Such a
scaling would, however, affect the uncertainty estimates on the final track parameters and
hence directly change the shape of the pull distribution. Nevertheless, it is important for the
analysis to have an accurate estimate of the uncertainty on the fit results.
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Figure 5.6: Pull distributions of 1/p from single muons with a transverse momentum of 45 GeV/c for
the inner tracker, the muon spectrometer stand-alone, the muon spectrometer on the beam line, and
for the combined, global fit.
The pull distributions for the sample of 45 GeV/c pT muons are presented in Fig. 5.6.
Each distribution is basically gaussian shaped, although the distributions from the muon
spectrometer and from the combined fit have more entries in their tails than expected from
the gaussian prescription. These tails are caused by hard scatters in the traversed material.
The estimated uncertainty on the fitted momentum is correct to within 15%, as can be seen
from the σ parameter of the gaussian fit. An uncertainty of 15% on an estimated uncertainty
is reasonable, but it would seem that the effect is systematic. To investigate this further,
Fig. 5.7 shows the pull widths for the various fits as a function of pT, scaled with a factor
of 1.13. The widths of the pull distributions obtained after the extrapolation through the
calorimeter are not scaled. It can be seen that all pull distributions are systematically too
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Figure 5.7: The 1σ widths of the gaussian fits to the 1/p pull distributions as a function of trans-
verse momentum for the inner tracker (circles), the muon spectrometer stand-alone (stars), the muon
spectrometer result on the beam line (inverted triangles), and for the combined, global fit (triangles).
wide, since they have gaussian widths of ∼1 after scaling, and there is a dependence on
momentum.
The increase in widths at lower momenta is explained by the more pronounced non-
gaussian tails, which widens the fitted gaussian and is therefore more pronounced in the
muon spectrometer. For the combined fit, the estimate of the uncertainty on the momentum
measurement from the muon spectrometer must be just as good as the estimate for the inner
tracker. At higher energies, they are of similar quality and the final resolution will thus
not be affected. At lower momenta, there is a significant discrepancy, but there the muon
spectrometer hardly contributes to the momentum resolution in the first place.
Some improvement may be possible, but that will not result in an improved estimate
of the final track parameters.4) It is therefore that the estimates of the uncertainty on the
momentum measurements are simply scaled.
5.3.3. χ2 Probability
The COBRA track fit is based on χ2 minimisation. If the distribution of χ2 values is purely
statistical in nature, then the result is a well-defined probability distribution, the so-called
χ2 distribution. The χ2 distribution is parametrised with the number of degrees of freedom
(n.d.f.) in the fit. That number is different for each track, since the number of measurements
and the number of constraints from each measurement differs. But given the χ2 value and the
number of n.d.f., the corresponding probability value can be calculated. If the input values
4)Experimental programming shows that all pull widths can be made equal to one by modifying the covariance
matrix contributions such that (part of) the non-gaussian tails in the various distributions are taken into account.
The result is, however, a slightly (e.g. ∼0.1–0.2% in momentum resolution) worse result for the combined fit.
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are distributed according to a χ2 distribution, then the result will be a uniform distribution.
In practice, the resultant distribution can exhibit two features that may indicate problems
in the fit. First, there can be a peak, possibly preceded by a ramp, in the distribution at
a probability value of one. This typically indicates an overestimate of the measurement
uncertainties. Second, there can be a peak at a probability value of zero. This may indicate
an underestimate of the measurement uncertainties, which does happen in practice for part
of the sample of tracks if there is a large amount of material present, since the fit only works
with averages. It may also indicate a problem in the pattern recognition.
The χ2 probability distributions for the respective (re)fits are shown in Fig. 5.8. The
distribution from the fit in the inner tracker is fine, although there is a small fall-off towards
higher probabilities. This may be caused by problems in the estimation of the uncertainties
in the pixel detector. These uncertainties are given values lower than pitch /
√
12 to account
for the fact that the clustering in the simulation is not sufficiently realistic. In any case, due
to the relatively simple layout, low material budget, and rather homogeneous magnetic field,
the χ2 probability distribution for fits in the inner tracker may be expected to look this good.
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Figure 5.8: Probability distributions of the fit χ2 for single muons with a pT of 45 GeV/c for the inner
tracker, for the muon spectrometer, and for the combined, global fit.
The distribution from the fit in the muon spectrometer shows an increase towards, and a
peak at one. The peak at zero is only to be expected from the material distribution and the
magnetic field configuration in the muon spectrometer. In such an environment, a significant
number of tracks deviates from the average track that is used in the fit, because of the high
probability on a large energy loss, a large scatter, etc. Pattern recognition and/or fit problems
are therefore likely. The rise at high probabilities would indicate an overestimate of the
uncertainties on the measurements. This may be the case, since COBRA uses the average
resolution of 80 µm per drift tube5) for all MDT hits. However, this is an average over
5)The reason for this choice is purely technical and may be changed by an update to the interface to the pattern
recognition or a new drift model in the fit.
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the radius of a tube, where only the innermost part has a significantly larger uncertainty.
Assuming a uniform spread of tracks over the range of a tube, that then means that for a
majority of tracks the actual, local resolution is slightly lower than the average.
The χ2 probability distribution of the combined fit is clearly the result of the combination
of the other two distributions: the peak at zero from the distribution in the muon spectrome-
ter remains, while the peak at one is distributed flatly (i.e. according to the inner tracker
distribution) over the full range. As fit problems due to material and magnetic field are to be
expected, the conclusion is that the distribution is basically fine.
5.4. Comparison
The COBRA performance in the two tracking detectors of Atlas is compared to the perfor-
mance of the final fits of the respective pattern recognition packages: IPATREC for the inner
tracker and MUONBOX for the muon spectrometer. The combined performance of COBRA
in global fit mode is compared to the results from the muon identification package MUID.
The results presented below were obtained by simulating single, negatively charged muons
in samples of fixed transverse momentum, uniformly spread over the full range of |η| < 2.5.
Note that the 3-D magnetic field map was used in the inner tracker.
5.4.1. Inner Tracker
Figure 5.9 shows the transverse momentum resolution of the COBRA and IPATREC packages
for single muons, as a function of pT. For both fits, ∆pT/pT scales almost linearly with pT,
as expected for a detector like the Atlas inner tracker, and the fits have equal performance
within the statistical uncertainty.
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Figure 5.9: Comparison of the IPATREC (circles) and COBRA (triangles) pT resolutions, as a function
of pT. The dashed line is the estimate from Section 5.1, averaged over θ.
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Figure 5.10: Comparison of the IPATREC (circles) and COBRA (triangles) pT resolutions, as a function
of pseudorapidity.
For all samples, the COBRA refit efficiency is 100%, with both packages having a sim-
ilar number of tracks in the non-gaussian tails of the distributions (although these are not
necessarily the same tracks).
The estimate of the inner tracker momentum resolution from Section 5.1 is plotted in the
figure as a dashed line. The estimate is seen to be reasonably accurate. When the sample is
split into a pure barrel (|η| < 0.7) and a pure end-cap (1.4 < |η|) part, it turns out that the
estimate is rather accurate in the former, but too optimistic in the case of the latter. Just as
may be expected from the magnetic field configuration.
The same sample of events can also be plotted as a function of pseudorapidity (i.e. av-
eraged over the range 5 GeV/c < pT < 100 GeV/c). The result is shown in Fig. 5.10. The
effect of the drop in bending strength of the solenoid field is clearly visible at high η, where
the momentum resolution worsens considerably.
At high η, the COBRA fit appears to outperform the IPATREC fit. This discrepancy is
under investigation and some potential causes have been identified. For example, IPATREC
uses a parametrisation of the magnetic field, whereas COBRA uses the actual field map, which
is, in principle, a more accurate approach.
From the presented results, the conclusion is that the physics performance of the COBRA
refit in the inner tracker is satisfactory.
5.4.2. Muon Spectrometer
The momentum resolutions of the COBRA and MUONBOX packages for single muons, as
a function of pT, are compared in Fig. 5.11. The reconstructed momentum is compared
with the Monte Carlo momentum at the entrance of the muon spectrometer. What is called
resolution is the 1σ width of a gaussian fit of the 2σ central part of the distribution. For
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Figure 5.11: Comparison of the MUONBOX (stars) and COBRA (triangles) momentum resolutions, as
a function of pT. The dashed line is the estimate from Section 5.1.
both fits, the resolutions are limited by multiple scattering over all but the lowest momenta,
where energy loss fluctuations dominate. The estimate from Section 5.1 is shown by the
dashed line. Although the estimated resolution is clearly too low, it is not bad considering
its crudeness.
The difference between COBRA and MUONBOX for low and intermediate pT in the muon
spectrometer stand-alone performance may be due to a discrepancy between the material
distribution description in the simulation and MUONBOX. Although the simulation applica-
tion (DICE) and MUONBOX access the same database file, they may select different elements
from it. COBRA uses the material description directly, as stored by DICE and has therefore,
by definition, the same setup as used for the specific simulation run.
The momentum resolution for the same sample of events can also be plotted as a func-
tion of η, averaged over pT. The results are presented in Fig. 5.12. Note that in the region
−2.2 < η < −1.7, the Monte Carlo truth information on the entrance of the muon spectro-
meter was unavailable, thus no resolution could be calculated.
The resolutions are seen to be worst in the transition region between the barrel and end-
cap, as is to be expected from the detector layout. The observed difference in momentum
resolution is seen to be almost independent of η. The COBRA results are better for all η
except close to the end-cap magnets. A more detailed study shows that also near the barrel
magnet coils, the MUONBOX final fit performs equal to or better than the COBRA fit.
The refit efficiency of COBRA in the muon spectrometer is shown in Fig.5.13, where it is
compared to the pattern recognition efficiency of MUONBOX.
The COBRA refit efficiency is seen to be less than 100%. The inefficiency is momentum
dependent and is worst at lower momenta. It is not clear what is causing this inefficiency as
it turns out to be both η- and φ-independent.
The comparisons are to be repeated once updated versions of DICE and MUONBOX be-
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Figure 5.12: Comparison of the MUONBOX (stars) and COBRA (triangles) momentum resolutions, as
a function of pseudorapidity. There was no Monte Carlo truth information available at the entrance of
the muon spectrometer over the range −2.2 < η < −1.7.
come available, where it is ensured that both packages use the same geometry. Nevertheless,
there is enough evidence to conclude that also in the muon spectrometer, the COBRA refit
yields good physics performance although some work on the efficiency is still needed.
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Figure 5.13: Reconstruction efficiencies of MUONBOX (stars) and COBRA (triangles) in the muon
spectrometer. Note that the plotted efficiency for COBRA includes the MUONBOX pattern recognition
efficiency.
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5.5. Combined Reconstruction Performance
The performance of the combined, global fit is presented in terms of the quality of the track
segment match, the combined reconstruction efficiency, and the improvement to the momen-
tum resolution. A comparison is made with the MUID package, which provides a combined
fit based on a somewhat different approach.
5.5.1. Match Quality
Track segments are matched based on a χ2 constructed from the respective covariance ma-
trices (σ1,2) and predictions on a common position (ζ1,2):
χ2 = (ζ1 − ζ2)(σ1 + σ2)−1(ζ1 − ζ2) (5.6)
Those combinations of track segments that yield a match χ2 value below a chosen cut-off
are taken as belonging to the same trajectory. If there are multiple candidates, the match with
the lowest χ2 is kept.
Figure 5.14 shows the match χ2 distributions for three different momenta and the per-
centage of good matches (defined as the percentage of combined tracks constructed with a
match χ2/n.d.f. < 5) as a function of pT.
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Figure 5.14: Quality of the track segment match for single muon events with a pT of 5 (dotted), 50
(dashed), and 100 GeV/c (solid), left. Percentage of high quality matches (χ2/n.d.f. < 5) as a function
of pT, right.
The match quality first increases with transverse momentum, after which it flattens out to
a maximum of ∼90%. Low momentum muons are strongly affected by energy losses in the
calorimeter. Thus, the muon spectrometer momentum resolution at the beam line is worst
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for muons with low pT and it is consequently more difficult to achieve a high quality match
with the corresponding track segment in the inner detector.
A low quality match between two track segments may still be the best match available
within a constrained region. Although that identifies two segments as originating from the
same track, the global fit will not improve the estimate of the track parameters on the vertex
for these cases. The match χ2/n.d.f. must therefore be below a threshold value (typically 20)
for the global fit to be applied.
5.5.2. Reconstruction Efficiency
The efficiency of the combined reconstruction is presented in Fig. 5.15, where it can be
compared to the reconstruction efficiencies after the COBRA refit in the stand-alone track-
ing detectors. The total reconstruction efficiency for muons is equal to the reconstruction
efficiency in the muon spectrometer stand-alone, since unmatched muon spectrometer seg-
ments are backtracked to the beam line and used as muon tracks in the subsequent analysis.
The COBRA refit efficiency in the muon spectrometer is lower than the pattern recognition
efficiency (see Fig.5.13).
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Figure 5.15: Reconstruction efficiencies for single muons after the pattern recognition and COBRA
refit. The efficiency for the combined fit (triangles) includes the match efficiency, which has a cut-off
value of 100 on the match χ2/n.d.f..
The inner tracker is seeded (among others) from the muon spectrometer to look for track
segments, thus the reconstruction efficiencies of the two trackers are correlated. The ineffi-
ciency for the combined reconstruction is determined by the muon spectrometer inefficiency,
problems with the track segment estimates from each of the trackers individually, and match
failures. At lower momenta, the inefficiency is mainly caused by the COBRA refit ineffi-
ciency, whereas at higher momenta, it is due to match failures. Overall, the efficiency should
improve when the refit inefficiency problem of the refit in the muon spectrometer is solved.
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Figure 5.16: Comparison of the COBRA momentum resolutions, as a function of pT. Plotted are the
resolutions from the inner tracker (circles), from the muon spectrometer at the beam line (stars), and
from the combined, global fit (triangles).
5.5.3. Momentum Resolution
Figure 5.16 shows the momentum resolution of the combined reconstruction as obtained
by COBRA, as a function of pT. The results are as expected: at lower energies, the inner
tracker has the dominant contribution to the momentum resolution. At around 20 GeV/c, the
muon spectrometer starts to contribute and this contribution increases in importance as the
resolution of the inner tracker worsens.
At high momenta, the momentum resolution is mainly determined by the muon spectro-
meter, but the distributions obtained from this tracker have large non-gaussian tails, caused
by large energy losses in the calorimeter. The combined spectrum on the other hand is still
reasonably gaussian shaped, with small non-gaussian tails, which is, especially for Higgs
physics6) an important improvement. Note in particular that the plotted resolution for the
muon spectrometer is from a 2σ fit to the central region, whereas for the combined fit the
full distribution is fitted.
The same sample of tracks can be used to obtain the momentum resolution as a function
of pseudorapidity, averaged over pT. The results are presented in Fig.5.17. This figure shows
that besides providing for the best momentum resolution, the combined result also makes the
momentum resolution more uniform. The results are worst in the transition region, where
the inhomogeneity of the magnetic field in the inner tracker starts degrading the resolution
in that detector. The muon spectrometer has to deal with the same problem, but also with a
larger amount of material. In the barrel section, the resolutions of both trackers are of similar
quality, at high |η|, the muon spectrometer dominates.
6)Tails reduce the ability in the final analysis of identifying two muons as coming from one Z boson.
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Figure 5.17: Comparison of the COBRA momentum resolutions, as a function of η. Plotted are the
resolutions from the inner tracker (circles), from the muon spectrometer at the beam line (stars), and
from the combined, global fit (triangles).
5.5.4. Comparison
Another combined reconstruction package in Atlas is MUID. MUID uses the calorimeter
energy measurement when extrapolating tracks through the calorimeter, whereas COBRA
uses a detailed parametrisation of the average energy loss. Further and contrary to COBRA,
MUID does not perform a full refit of the hits in the muon spectrometer. Instead, it takes the
full information of the muon spectrometer into account assembled in one point at the muon
spectrometer entrance,7) whereas COBRA uses a global fit. There are further differences
between the packages, mainly in how mismatches and bad matches are defined and how
they are treated.
It is not intuitively clear which approach is better: an actually measured value is pre-
ferred, but only if it is accurate, which is not generally true. That is, the muon trajectory can
overlap with a jet or its deposited energy may be too low for an accurate measurement by
the calorimeter. MUID uses a parametrisation of the energy loss, based on a coarse map of
the detector material, for those cases.
The track fit relies on the propagation of both the uncertainties on the track parameters
and their correlations, which can only be computed for the average track. The explicit ad-
dition of a large energy loss value invalidates the propagated covariance matrix, at which
point the track fit cannot improve on a weighted average method. However, it is possible
to scale the average energy loss with the measured energy loss, and similarly the energy
loss fluctuations, during propagation. This will yield a valid covariance matrix and likely an
improved result, but this method has not been pursued. For physics channels where muons
emerge from jets, a parameterisation is the only option, but what is best in general can only
7)MUID used to have a global fit, but moved to this approach, after experiencing unacceptable refit inefficiencies
in the transition region. These problems have been solved and MUID could again use a global fit, if reimplemented.
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Figure 5.18: Comparison of the MUID (circles) and COBRA (triangles) pT resolutions from the com-
bined fit momentum, as a function of pT.
be found out by an explicit comparison of both methods. The momentum resolutions of both
packages are plotted as a function of pT in Fig.5.18.
The obtained resolutions are the same for both packages, except for the 10–20 GeV/c re-
gion in pT. MUID is able to achieve a good improvement in that range, whereas the COBRA
combined results are closer to the inner tracker stand-alone results. It is not clear whether
this improvement should be attributed to the use of the calorimeter measurement or to a
better definition of the track segment matching. After a successful match, MUID may opt to
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Figure 5.19: Comparison of the MUID (circles) and COBRA (triangles) pT resolutions from the com-
bined fit momentum, as a function of η.
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keep the inner tracker fit result instead of the combined result if the quality of the combined
fit is deemed too low. COBRA makes no additional selection after the match, it leaves that to
the analysis.
Figure 5.19 compares the MUID and COBRA pT resolutions as a function of pseudora-
pidity. This figure uses only a subsample of the tracks. The MUID package had stability
problems and not all pT samples could be run to completion. In order to prevent bias, only
the first 2500 tracks of each pT sample were used, with the exceptions of the 25 GeV/c
sample that had only half the number of tracks and the 40 GeV/c sample that was left out
completely.
Overall, both methods perform equally well and, although it is based on the IPATREC
code, MUID does not perform significantly worse in the high η range. The COBRA pack-
age seems to be slightly worse than MUID in the transition region, but the difference is not
statistically significant.
There is thus no conclusive evidence that one method should be preferred over the other.
However, the Monte Carlo simulation did not include any effects of pile-up nor any overlap-
ping QCD background events. Both are present in real events and will affect the calorimeter
measurement, but they have no influence on the parametrisation. Thus, for real events the
parametrisation may outperform an approach that uses the calorimeter measurement.
The goal of∼2% resolution in transverse momentum up to a muon pT of∼100 GeV/c is
achieved for the barrel and for a large part of the end-cap sections. It is the contribution of
the combined reconstruction that this is possible, but also that the momentum resolution is
far less dependent on pT and η.
CHAPTER 6
BOS Test Beam
The Munich BOS prototype MDT chamber1) (Bauer et al., 2000), was placed in a muon test
beam at the H8 test area at CERN Prevessin, in Autumn 1999. The data that was taken during
these test beam runs allows for a test of the multiple scattering contributions as applied in the
COBRA propagator. Furthermore, the test beam setup is sufficiently different from the Atlas
detector to serve as a proof of concept that, as claimed in Chapter 4, the COBRA package
is readily applicable to any detector geometry under the sole condition that that geometry
is available in a GEANT3 simulation. The test beam data are reconstructed with the COBRA
package and the results are presented in this chapter.
6.1. Introduction
The BOS prototype had been in a test beam before in 1998 (Kortner et al., 1999), and is
therefore known as ‘BOS 98.’ The 1999 setup contained BOS 98, a silicon tracker, and a
small scintillator counter. The chamber was mounted such that it could be rotated to obtain
different angles of incidence w.r.t. the muon beam, which had an energy of ∼300 GeV per
muon. Matter blocks of different lengths and material could be inserted in the beam line to
measure multiple scattering effects and the generation of secondaries. These measurements
are used to check the validity of the implementations of those processes in the simulation
software that is used for Atlas.
The test beam setup has a relatively simple layout, especially compared to the full Atlas
detector. There is no magnetic field, thus the reconstruction and analysis can be done with
a linear fit to the particle trajectories. However, the reconstruction has also been performed
with the COBRA package. The simplicity of the setup allows for testing parts of the CO-
BRA code in isolation and to great detail, and the linear fit makes it straightforward to check
the COBRA results. Furthermore, the application of the package to two completely differ-
ent setups ensured that the code remained general. All this has helped considerably in the
development of the COBRA package.
1)Barrel Outer Small prototype Monitored Drift Tube chamber.
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The reconstruction and analysis of the 1999 H8 data with COBRA is used to:
• Test the multiple scattering contribution to the covariance matrix as obtained from the
GEANE implementation of the propagator.
• Test the implementations of the COBRA fit and track matching algorithms, and prove
the detector geometry independence of its method.
The next section describes in detail the setup of the detectors at the test site and the
setup of COBRA within the other reconstruction and analysis code. The results as obtained
with the COBRA package are presented. The analysis was done with testing of COBRA and
not with testing of the prototype chamber in mind. The results should be viewed from that
perspective.
6.2. Test Beam Setup
There are two parts to the test beam setup: the hardware, specifically the locations of the
blocks of matter, and the software in which the COBRA package was set up to run.
6.2.1. BOS Setup in H8 area
A schematic overview of the setup is shown in Fig.6.1. In downstream order, there were the
following detectors:
• A small scintillator counter, nicknamed ‘fingers’ because of its division into two
crossed planes of five scintillator elements each.
• The BOS prototype chamber, consisting of two multilayers (denoted ML1 and ML2
in Fig.6.1).
• The silicon telescope (‘Odysseus’), which consists of six high precision measurement
planes of silicon strips.
Blocks of matter of different lengths (5, 10, 20 or 30 cm) and different materials (iron or
aluminium) were placed upstream of the BOS chamber, just downstream of the fingers, or
inside the silicon telescope. There were, of course, also runs without any matter blocks in
the beam line.
The total size of the fingers scintillator is 6× 6 cm, such that it covers the full size of the
blocks of scatterer material. The fingers and Odysseus were aligned with high accuracy by
means of the muon beam and an adjustable table on which the fingers were glued.
Odysseus has six detector planes, with an active area of 5.1 × 5.1 cm consisting of 996
silicon strips each, i.e. with a pitch of 50 µm. The planes are contained in four boxes, one
for each of the two outer planes on both sides and one for each of the inner planes. The outer
boxes, with two planes each, measure both x and y, whereas the inner boxes measure only y
(see Fig.6.2). The planes are mounted on a support frame with a precision of 10 µm.
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Figure 6.1: The setup of the test beam detectors at the H8 site. From left to right, the small ‘fingers’
scintillator, the BOS chamber, and the silicon telescope ‘Odysseus.’ Also shown are the optional blocks
of scatterer material
The single plane resolution on the position measurement is 7 µm, obtained by calculating
the centre of mass of the deposited charge. The track fit through all four y-planes yields a
more precise position measurement, but is eventually limited by multiple scattering to 5 µm
per plane. A smoothing algorithm based on fully reconstructed tracks through all four y-
planes (Deile et al., 1999) is used to obtain the misalignment corrections. After application
of these corrections, the misalignment is down to the sub-micron level.
X Y Y Y YX
Figure 6.2: Setup of the silicon telescope with a matter block, for multiple scattering data taking.
6.2.2. Cobra Setup
The COBRA package needs a simulation of the test setup in GEANT, because of its depen-
dence on the GEANE propagation code, this is illustrated in Fig.6.3. The simulation is pro-
vided by the MTGEANT2) program, which is the implementation of the Munich Test beam
setup in GEANT3. The detector description is built up in memory by MTGEANT, after which
it notifies the COBRA steering entity to start the reconstruction run.
2)Documentation of the MTGEANT version based on GEANT4, which is not used here but is similar to the GEANT3
version, is available as Kortner (2000).
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Figure 6.3: The relations between the COBRA package and the other test beam reconstruction software.
MUT8, a version of the MUTANT (Hessey, 1996) program adapted to the 1999 H8 setup,
is used to decode the data as obtained from the silicon telescope and the BOS chamber.
MUT8 calls reconstruction routines for both BOS 98 and Odysseus, which perform the pat-
tern recognition on the data. The pattern recognition consists of a few selection criteria based
on the number of hits per silicon plane/MDT layer, and a linear fit based on the maximum
likelihood method (Hessey, 1998). Tracks for which the linear fit results in a χ2 per degree
of freedom below a user defined threshold are accepted. This threshold is typically 10, but
it is set to much higher values when material is inserted inside Odysseus, since the linear fit
does not take multiple scattering into account.
The tracks that pass the selection criteria are written to an intermediate store and sub-
sequently read in a separate COBRA reconstruction run. This approach is similar to what
is done in the current Atlas offline code. It is not necessary to have an intermediate store,
but it is very useful for debugging purposes to split the programs while the code is under
development.
6.3. Multiple Scattering
The track propagation adds a contribution due to the multiple scattering in the material that
is traversed (see Section 4.3.2). In the fit, this is used to assign the appropriate weights to
the predictions made by the track propagation from one measurement site to the next (see
Section 4.2). It is important to check the correctness of these contributions, as the quality of
the fit is directly dependent on the accuracy of the assigned weights. The simple setup of the
H8 test beam allows for an effective test.
6.3.1. Setup and Analysis Procedure
The data used for the multiple scattering tests were obtained by positioning matter blocks
inside the silicon telescope (as in Fig.6.2). There are four precision measurements of the y
position, but only two of the x position. The scattering angle can thus only be reconstructed
in the y direction. This is not a serious limitation as multiple scattering has no angular de-
pendence and the system is fully symmetric under rotations of 90◦ around the z-axis (which
is along the beam line). The z positions of the measurement planes are fixed.
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There are three samples of data. With an iron block of 20 cm in length (aligned with the
z-axis), with an iron block of 10 cm, and with no additional material in the beam line. The
silicon telescope was used as the trigger for these dedicated runs. That way, only the tracks
originating from muons that actually traverse the matter block are recorded.
For the analysis, line segments must be constructed in both the first and the second set of
two measurement planes. By reconstructing a straight line through all four planes, allowing
for a scatter, the line segments that correspond to the same track are found. The scattering
angle can then be determined from the difference between the angle of incidence of the first
and the second line segment.
The expected r.m.s. of the distribution of scattering angles for muon tracks with an energy
of 300 GeV traversing a block of iron can be obtained from Eq.(4.12). The predictions, accu-
rate within 11%, are 0.167 mrad for 20 cm of iron and 0.115 mrad for 10 cm. Similarly, the
predictions from the Eqs (4.13) – (4.15), accurate to within 2%, are 0.168 and 0.116 mrad,
respectively, when 95% of the scattered tracks is taken into account. With the appropriate
analysis, the silicon telescope can measure these small angles. The initial angular resolution,
i.e. without clustering and without smoothing, of one set of two planes is 0.14 mrad. With
clustering and smoothing, a better angular resolution of 0.10 mrad is achieved, good enough
to measure the multiple scattering angle.
The results from GEANE are obtained by setting up a GEANT simulation of Odysseus
with the matter block inside. With GEANT, the full multiple scattering distribution can be
simulated and compared to the experimental one. The result of GEANE consists of a single
number for each of the blocks: the expected r.m.s. multiple scattering angle for a muon with
an energy of 300 GeV.
6.3.2. Results
The predicted values for the multiple scattering r.m.s. must first be compared with the pre-
diction from GEANT, as GEANE obtains its physics parameters from there. The results are
shown in Fig.6.4. The fit is a gaussian±2σ domain around the centre of the distribution, i.e.
a 95% region. The r.m.s. values thus obtained, agree reasonably well with the predictions.
GEANE was used on the simple setup to try and reproduce the r.m.s. values. It turned
out that due to programming errors and some incorrect assumptions in the code, the offi-
cial version of GEANE is incapable of producing any suitable r.m.s. values. The code was
modified to first scan for the total amount of material expected, followed by an appropri-
ate redistribution along the particle trajectory of the total scattering computed from the total
amount of material. The recoded method3) uses Eqs (4.13) – (4.15), the predictions of which
are accurately reproduced. That is, the r.m.s. values obtained are 0.168 and 0.116 mrad,
respectively.
The results of the measurements with Odysseus are presented in Fig. 6.5. First, the re-
sponse of the silicon telescope, under the procedure as outlined above, is determined by run-
ning the analysis on a data sample without a matter block. The result confirms the expected
3)In the form of the COBRA propagator package, the implementation of which is described in Section 4.3.
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Figure 6.4: Multiple scattering distributions as obtained through GEANT simulation of muons with an
energy of 300 GeV. For passage through a 20 cm (A) and 10 cm (B) block of iron. The gaussian fit is
applied to the 2σ core of the distributions.
angular resolution (see Fig.6.5, A). Then the procedure is repeated for the data samples
taken with the blocks of material inside Odysseus (Fig.6.5, B-C).
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Figure 6.5: Multiple scattering distributions as measured with Odysseus. Odysseus response (A),
result for a block of 20 cm (B, solid), and for 10 cm (C, solid) of iron. The dashed lines are the GEANT
simulation results convoluted with the measured response.
It is not possible to simply subtract the variance of the measured response of Odysseus
from the distributions with added material to obtain the multiple scattering angle r.m.s. The
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response is not sufficiently gaussian for this approach to be valid. Instead, the GEANT simu-
lation results are convoluted with the measured detector response and the result is compared
to the multiple scattering measurement in Fig.6.5. The agreement is seen to be good.
In order to test that last statement more quantitatively, a χ2 is computed from the differ-
ence between the measured result and the smeared simulation, using Poisson statistics for
the uncertainties. The response function of Odysseus can be artificially widened or shrunk
by means of a scale factor and used again in the convolution with the simulation result.
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Figure 6.6: Comparison of the Odysseus multiple
scattering data and GEANT. Plotted is the χ2/n.d.f.
as a function of the scale factor that is used to
widen (shrink) the measured response.
This yields a new χ2 value and the proce-
dure is repeated for several different scale
factors, which then correspond to different
widths of the response function. Note that
the explicit scaling preserves the tails of the
response function. The resulting values for
the χ2 per degree of freedom are plotted in
Fig.6.6 as a function of the scale factor, for
a block of 20 cm (triangles) and for 10 cm
(squares) of iron.
The minimum χ2/n.d.f. is expected for
a scale factor of 1. That is, if the mea-
sured response function is left unmodified.
From the figure, it is seen that the minima
for the two distributions are at a scale factor
of 0.9± 0.3 for 20 cm, and at 1.1± 0.2 for
10 cm of iron, respectively.
These results are consistent with the ex-
pectation. Thus, it can be concluded that
the agreement between the GEANT simula-
tion and the data as measured by Odysseus
is indeed quite good.
6.4. Track Reconstruction
The silicon telescope provides a considerably more accurate track measurement than the
BOS chamber. With a block of matter added to the setup, the track measurements of
Odysseus worsen and the BOS measurement starts to contribute significantly to the track
reconstruction when the two measurements are combined. Degrading the tracking precision
of Odysseus may seem a little odd at first. The silicon telescope is so much more precise
because it must serve as the reference system for tests of the BOS chamber. However, the
interest here is in testing the COBRA code. The setup of two tracking detectors with a similar
performance and a significant amount of scatterer material in the beam line allows for a test
of the combined fit.
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6.4.1. Setup and Analysis Procedure
The interface to the data and to the simulation is the same as for the Atlas offline software:
the pattern recognition inputs are replaced, but that changes nothing from the side of the
COBRA package. Consequently, the standard COBRA utilities that are also used for the Atlas
offline software environment can be used immediately. For simulated data, both the refit and
combined fit results can be verified against the Monte Carlo truth information. This is, of
course, not possible in the case of the real data. There, the results of the refit in the MDT
chamber are checked with the Odysseus refit, which is in turn checked against the linear fit
results. When both detectors are used in the combined reconstruction of the muon tracks,
the COBRA results can be verified only indirectly through the quality of the match and the
combined fit.
6.4.2. Results
The data in the silicon telescope are reconstructed with the linear fit and the track segments
are passed on to COBRA. The MUT8 linear fit is used as the pattern recognition: all physi-
cally possible track segments are fitted and only the highest quality track with four y-plane
measurements is stored, if the χ2/n.d.f. of the fit is less than 100. This same cut is applied
on the χ2/n.d.f. from the COBRA refit results.4) The comparison is made for the different
amounts of scatterer material and the resulting distributions are presented in Fig.6.7.
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Figure 6.7: Comparison of the COBRA refit and the linear fit results on the Odysseus data. Plotted are
the relative difference in the measured angle in the yz-plane for no additional scatterer material (A),
10 cm (B), and 20 cm (B) of iron inside the silicon telescope.
4)For the linear fit, the cut-off in χ2/n.d.f. is artificially high, in order to allow for multiple scattering. The
selection on the COBRA refit results is only required to remove fit failures. For the refit, the cut-off value may well
be an order of magnitude higher or lower without affecting the final results.
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The agreement between the linear fit and the COBRA refit is seen to be very good. For
Odysseus, the differences, both in terms of the width of the gaussian core and of the non-
gaussian tails, increase with the amount of matter added in the beam line. The widening of
the core is attributable to the worse angular resolution due to multiple scattering in the matter
blocks. The non-gaussian tails arise because the COBRA refit takes the multiple scattering
into account, whereas the linear fit does not. Thus, the latter assigns inappropriate weights
to the individual hits. This is not a problem for those trajectories where the scattering of the
particle did not result in a measurable position difference on the planes after the block. But if
the position differences are larger than the measurement uncertainty, then the reconstructed
angle at the entrance of the silicon telescope can be considerably off from the true value.
The pattern recognition in BOS 98 was done by COBRA. The hits are obtained from
MUT8 with a time window as the only pre-selection, in order to remove hits that originated
from noise. All physically acceptable track segments are constructed from the hits and fitted.
Individual hits having a contribution larger than 5 to the χ2/n.d.f. are rejected. A trajectory
is accepted if the fit results in a χ2/n.d.f. < 10. The COBRA results in the MDT chamber are
checked with the refit results in the silicon telescope, see Fig.6.8.
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Figure 6.8: Comparison of the COBRA fit on the BOS 98 data and the refit in Odysseus. Plotted are
the measured angular distribution in the yz-plane for BOS 98 (A), for Odysseus (B), and the difference
(BOS−Odysseus) between the two (C). There is no additional material inside Odysseus.
Odysseus was located downstream from BOS 98, thus the MDT chamber is not affected
by the presence of any additional scatterer material in the silicon telescope. The width of
the difference distribution is seen to be small compared to the widths of the measured an-
gular distributions. From Fig. 6.8 it can be seen that both detectors have a slight angular
misalignment w.r.t. to the muon beam. The angular distribution as measured by Odysseus
(Fig.6.8, B) has no tails, because the silicon tracker can not measure over a range larger than
5 mrad, due to the sizes of its detector windows. This limited size biases the mean of the
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Figure 6.9: COBRA results for the angle in the yz-plane, for simulated test beam data. A block of
20 cm of iron was positioned inside Odysseus.
difference distribution, but not its width. Thus, it is concluded that the COBRA reconstruction
of the MDT chamber data works properly.
The quality of combined reconstruction is tested on simulated data. Figure 6.9 illustrates
this for a simulation of the test beam with 20 cm of iron inside the silicon telescope. The
result of the combined fit is considerably better than a simple weighted average, as may
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Figure 6.10: The relative number of track fits with
a χ2/n.d.f. < 100 for the combined fit v.s. the cor-
rection angle in the xy-plane that is applied to
BOS 98.
be expected since the total amount of mate-
rial in between the silicon telescope and the
MDT chamber is rather low. That is, the
extrapolation of the track parameters from
one detector to the other yields precise pre-
dictions.
There is no reference to check the re-
sults of the combined fit on the data, but it
is possible to estimate the quality of the fit
through its sensitivity on the misalignment
of the two detectors. The main misalign-
ments in the setup that affect the measure-
ment of the angle in the yz-plane is the rota-
tion of the MDT chamber in the xy-plane.
Even a tiny rotation angle gives a notice-
able displacement along the y-axis when
projected over the length of the drift tubes.
By minimising the χ2 values of the
combined fit, it is possible to obtain the
appropriate correction. This is shown in
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Fig. 6.10, where the number of track fits with a χ2/n.d.f. below 100, relative to the max-
imum, is plotted as a function of the correction angle in the xy-plane that is applied to
BOS 98. There was no additional material inside Odysseus.
From these results, a correction angle of −3.2± 0.5 mrad is obtained. The width of the
distribution of the combined results is at its minimum when this misalignment correction is
applied.
6.5. Summary of Test Beam Results
The COBRA propagator, its track fit, and its track segment match were all applied to the
reconstruction of the H8 test beam data, which, due to its simple setup, allowed for extensive
testing of the package. Comparisons were made to the results of a linear fit to the data and
to the results of a GEANT simulation.
The contributions to the covariance matrix that the COBRA propagator adds during track
propagation reproduce the measured values. The track segment fit in the silicon telescope is
as well as a linear fit if the total amount of matter that is traversed is low, and better if more
material is present. In the MDT chamber, the fit is good enough to perform some simple
pattern recognition, based on a χ2 cut-off. The matching of track segments works properly
and can be used for alignment.
Finally, the successful use of the COBRA package in the reconstruction of the H8 test
beam data proves its general applicability.

CHAPTER 7
Higgs Boson Reconstruction
The measurement of the track parameters of muon tracks is improved through the applica-
tion of combined reconstruction. Because of these improvements, the reconstruction of a
Higgs mass peak from Higgs decay events with muons in the final state will be more effi-
cient and background reduction will be more effective. This chapter makes a quantitative
assessment, by means of Monte Carlo simulation studies, of the benefits of combined muon
reconstruction to the Atlas discovery potential in the H→ ZZ(∗)→ 4` channel.
7.1. Simulation
For this study, events with a Higgs boson signature are produced through Monte Carlo sim-
ulation, as described in Section 2.3.7. The event generator used is PYTHIA v5.7 (Sjo¨strand,
1994) and the DICE program,1) the Atlas GEANT3 application, is used for the detector simu-
lation. The detector layout is the same as the one used for the physics performance technical
design report, Atlas Collaboration (1999), with the exception of the magnetic field in the
inner tracker: in the studies presented here, the more realistic inhomogeneous magnetic field
was used. The output of the simulation is fed into the offline reconstruction software.
7.1.1. Higgs Boson Events
The event generator, PYTHIA, produces Higgs bosons with the transverse momentum dis-
tribution that is expected for a 14 TeV proton-proton collider, like the LHC, given the pro-
duction processes (dominated here by gluon fusion). The Higgs bosons are made to decay
and the kinematics of its decay products are computed, while taking the intrinsic mass width
as well as initial and final state radiation into account. The latter is done by the PHOTOS
package (Was, 1994). Thus, at the particle level, i.e. the input to the detector simulation,
there is already a distribution around the value for mH that was initially supplied to the event
generator. This is illustrated by Fig. 7.1, where the invariant mass is computed from the
1)To be specific, the production release (version offline-01-00-01).
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Figure 7.1: Examples of invariant mass distributions of the four muons in the final state of Higgs boson
decays, as simulated by PYTHIA, for a Higgs boson mass of 130 (A), 170 (B), 200 (C), and 400 GeV/c2
(D). The widths obtained from the gaussian fits to the cores of the distributions are consistent with
Fig.1.10.
output of the event generator for events with a four muon final state. Note from the figure
that the intrinsic width is considerably less for a Higgs boson with mH = 130 GeV/c2 than
for higher values of the mass, conform Fig.1.10.
The four lepton channel corresponds to only a fraction of the total number of Higgs boson
decays.2) The generated Higgs bosons are therefore forced to decay to four leptons, via two
intermediate Z bosons which may be off-shell. The result is a sample of the final states of
Higgs decay events which contain the leptons from the decays and, possibly, photons or jets
(from gluons) that have been radiated off. For this study, only events where the four leptons
from the Higgs boson decay are either all muons or two muons and two electrons were
generated. This corresponds to about 75% of the signal events from the H → ZZ(∗)→ 4`
channel after reconstruction (where all leptons are considered).
The efficiency with which an electron can be identified and reconstructed, 65–70% (see
Pralavorio (1999)), is significantly lower than for that for muons, > 95% (see Section 5.5.2).
2)This study uses thousands of simulated Higgs boson events where the Higgs bosons decay into four leptons. In
reality, Atlas will only see a couple of hundred (the number depends strongly on mH) of such events.
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This lower efficiency means that the number of Higgs boson decay events with a µµee final
state available to the analysis is roughly the same as the number of four muon events, even
though there are twice as many of the former to begin with. The reconstruction efficiency of
τ leptons is in general a lot lower (∼20% for τ leptons that decay hadronically, for moderate
jet rejection and low luminosity, see Atlas Collaboration (1999)) than for the other lepton
species. However, the reconstruction of the intermediate Z boson from a τ lepton pair is
more efficient, because then the semi-leptonic decay of the τ lepton can be used as well.
Nevertheless, the benefits of combined muon reconstruction for the decays with two muons
in the final state can be sufficiently studied by only considering the decay channel into two
electrons and two muons.
The final state particles are positioned on the collision point in DICE, taking into account
the proper spread due to the sizes of the bunches, and propagated through the detector. To
save computing time, only leptons with |η| < 2.5, the extent of the trackers, are accepted.
The result, which consists of the simulated response of the detector electronics, is stored.
At this stage, there is no inefficiency, no misalignment, and no detector or electronics noise:
these may be added in the reconstruction stage. The signals of individual particles might
overlap, though, which causes hits to be masked.
7.1.2. Final State Components
The improvement that is obtained from combined muon reconstruction depends on the muon
(transverse) momentum and on the location of its trajectory within the Atlas detector (see
Section 5.5.3). The muons from Higgs boson decay have a rather broad distribution in trans-
verse momentum. Figure 7.2 shows the pT distributions for Higgs events with a four muon
final state and mH = 130 GeV/c2. The muons are sorted in transverse momentum.
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Figure 7.2: The momentum distribution of the four muons originating from Higgs boson decays, for
mH = 130 GeV/c2, sorted on transverse momentum.
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From this figure it can be seen that the most probable pT of the muon with the lowest pT
is more than four times as low as that of the muon with the highest pT. It will be the recon-
struction of the high pT muons that benefits most from the combination of the measurements
of both tracking detectors. This is especially so formH = 130 GeV/c2, where the bulk of the
high transverse momentum muons has a pT around 50 GeV/c, i.e. the range in pT where both
trackers have similar performance. On the other hand, the estimates of the track parameters
of the muons in the top left plot of Fig.7.2 will hardly improve.
The muons are not distributed uniformly in pseudorapidity, as is shown by Fig.7.3: the
pseudorapidity distributions show a maximum for η = 0 and drop for larger values of η.
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Figure 7.3: The pseudorapidity distributions of the
four muons originating from Higgs boson decays,
withmH = 130 GeV/c2, sorted in pT as for Fig.7.2.
The distributions decrease in momentum for solid,
dashed, dotted, and dash-dotted lines.
Nevertheless, a large fraction of the muon
trajectories are in the end-cap and transition
regions, where combined muon reconstruc-
tion is especially valuable (see Fig.5.17).
Overall, the distributions are rather sim-
ilar for each of the categories in transverse
momentum and it is therefore possible to
make a qualitative statement on the im-
provement of the Higgs boson mass res-
olution. The high pT muons will benefit
the most from combined reconstruction, the
low pT the least. The latter will, however,
have the most precise momentum measure-
ment, since the best measurements of the
track parameters are obtained for low mo-
mentum muons (in the barrel section of At-
las). In other words, the combined result
will improve the estimates of the track pa-
rameters for those trajectories that are the
largest limiting factor on the Higgs boson
mass resolution. It is therefore expected
that, for mH = 130 GeV/c2 in the H →
ZZ(∗)→ 4µ channel, the combined resolution on the Higgs boson mass will be a lot bet-
ter than the stand-alone results.
The transverse momenta of the muons will be higher for higher values of mH and dis-
tributed differently in η (there are relatively more low pT muons at high η for larger Higgs
boson masses). Furthermore, if the Higgs boson mass has a value above ∼150 GeV/c2, its
natural width will be a significant contributor to the measured width, at which point the im-
provement on the mass resolution becomes less pronounced. Consequently, it is not straight-
forward to estimate the Higgs boson mass resolution for the combined result (and thereby
the impact on the discovery potential) from the stand-alone results only. For this, detailed
studies at different values of mH are needed, which is done in the subsequent sections for
Higgs boson masses of 130, 170, 200, and 400 GeV/c2 in the H→ ZZ(∗)→ 4µ channel and
130, and 230 GeV/c2 in the H→ ZZ(∗)→ 2µ2e channel.
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7.2. Reconstruction
The output from the simulation, the detector response, is passed through to the pattern recog-
nition software, the result of which is a set of trajectories that originated from charged par-
ticles. Most of these particles will be electrons, pions/kaons, or muons. The COBRA pack-
age is run with the hits corresponding to these trajectories as input and each track segment
with a transverse momentum above a given threshold is refitted under the assumption that it
originated from a muon.3) The pT threshold can be set to a rather high value, since the final
analysis sets a high cut-off on pT as well. After the refit, tracks are extrapolated and matched.
This leaves the following categories of tracks: the global tracks, the matched track segments
from the inner tracker, the unmatched segments from the inner tracker, and the track seg-
ments from the muon spectrometer. The unmatched segments from the muon spectrometer
are extrapolated to their closest point of approach to the beam line.
The matched track segments from the inner tracker, the track segments in the muon spec-
trometer, and the global tracks are all assumed to originate from muons. The identification
of the electrons requires more work and their momentum measurements need to be matched
with their energy measurement in the calorimeter, which is far more precise. This is done in
the analysis, rather than in the reconstruction.
The momentum resolution for muons for each of the components from Fig. 7.2 is dis-
played in Fig.7.4. The results are as expected. For the two sets of low pT muons (upper part
of the figure), the combined fit yields the same results as the refit for the inner tracker stand-
alone. The muon spectrometer serves to identify those inner tracker tracks as muon tracks,
but does not contribute to the momentum resolution. For the two samples of more energetic
muons (lower part), a significant improvement is achieved: the resolution is improved and
part of the non-gaussian tails have been removed.
The decay time for both the Higgs and Z bosons is very short, thus it is possible to apply
a vertex constraint (a beam line constraint, actually). In the refit, this is done only in the
inner tracker if the results are input to the combined reconstruction. Applying the constraint
in both the inner tracker and muon spectrometer would bias the matching of track segments,
since in that case the match is attempted on tracks that forcibly share a common point.
The COBRA reconstruction is run both without any constraints, and with a beam line
constraint on the global tracks and a beam pipe4) constraint on the unmatched muon spectro-
meter track segments, to investigate the possible benefits. Typically, high momentum muons,
for which the momentum measurement is limited by the intrinsic detector resolution, benefit
more from a beam line constraint. For low momentum muons the measurements are domi-
nated by multiple scattering effects and improvements, if any, will be marginal. Thus, such
constraints become more important for high values of mH.
3)An electron fit needs to take kinks in the particle trajectory due to hard scatters into account, as these occurs
rather often. COBRA has no such facility. In general, a muon fit works proper for electrons as well, albeit with a
lower efficiency.
4)The application of a beam line constraint causes the refit in the muon spectrometer to become unstable. The
prediction on the vertex of an extrapolated muon spectrometer track segment is more than 2 orders of magnitude
less precise than the beam line constraint. This then, yields a singular matrix in the fit for about 30% of the tracks.
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Figure 7.4: Resolution distributions from the inner tracker (dashed), muon spectrometer (dotted), and
combined (solid) (re-)fits, for the four muons originating from Higgs decay, for mH = 130 GeV/c2.
No beam line constraints were applied. The gaussian fit is applied to the distribution of the combined
results. The muons were sorted in the same way as for Fig.7.2.
7.3. Analysis and Results
The reconstruction yielded a set of global tracks and track segments, with the corresponding
set of track parameters and covariance matrices at the vertex, that were identified as muons.
The electrons still need to be identified and matched up to clusters in the electromagnetic
calorimeter. With all leptons properly identified and their parameters measured, it is possible
to reconstruct the Higgs mass peak.
7.3.1. Kinematical Constraints
There were no background events added to the simulation, but kinematical constraints (Atlas
Collaboration, 1999) need to be applied anyway to properly assess the improvement in effi-
ciency due to the combined reconstruction. In particular, the selection of lepton pairs which
form the intermediate Z bosons should be more effective with a more accurate momentum
determination.
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The following set of kinematical constraints is used:
• There must be two leptons with pT > 20 GeV/c and |η| < 2.5. These are the leptons
that trigger the detector.
• There must be two additional leptons with pT > 7 GeV/c and |η| < 2.5. The four (or
more) leptons that are selected this way must form (at least) two (unique) pairs.
• There must be one lepton pair with an invariant mass in a window around the mass of
the Z boson, see Fig.7.5.
• There must be another lepton pair with an invariant mass above a certain threshold.
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Figure 7.5: Invariant masses of the possible muon pairs from Higgs decay for (clockwise) mH = 130,
170, 200, and 400 GeV/c2, respectively. Note that the individual muon tracks, and consequently the
pairs as well, were sorted on total momentum.
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The third selection assumes that at least one of the intermediate Z bosons is actually
on-shell and this is used to reject most of the continuum background events. Having a real,
intermediate Z boson is more likely for heavy Higgs bosons. This is shown in Fig.7.5 where,
for events with four muons in the final state, the invariant masses of the possible muon pairs
are plotted. Even for low Higgs boson masses, one of the pairs does indeed form a real Z
for many of the cases. If mH is larger than 2mZ, both intermediate Z bosons are likely to be
on-shell and the size of the mass window around mZ can be reduced. The fourth constraint
is used to reject the Zbb¯ background events, which may have a real Z boson in the final state
and thus pass the other selections. If the Higgs boson is sufficiently heavy to decay into two
real Z bosons, then the threshold can be replaced by a mass window.
The final results are sets of two pairs of leptons that likely originated from a Higgs decay.
The Higgs mass peak can now be reconstructed by the computation of the invariant mass of
these four leptons. An improved result is obtained if a constrained fit that requires one or
both of the pairs to have an invariant mass ofmZ is applied, but that is not done for the results
presented here.
7.3.2. Four Muon Final State
Figure 7.6 shows the results for mH = 130 GeV/c2 for the four muon final states. The im-
provement on the resolution of the mass width is clear. A resolution of 1.7 GeV/c2 is ob-
tained with combined muon reconstruction, which is considerably better than the stand-alone
results of 2.1 GeV/c2 for the inner tracker and 3.4 GeV/c2 for the muon spectrometer, re-
spectively. The total number of events that pass the kinematical constraints is the same for
the inner tracker and the combined result.
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Figure 7.6: Reconstructed invariant mass for mH = 130 GeV/c2 with four muons in the final state.
From left to right, the inner tracker stand-alone, the muon spectrometer stand-alone, and the combined
reconstruction. No beam line constraints were applied, and the results are after the kinematic cuts.
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The number of events in a window around the central value, however, is higher for the
mass peak from the combined reconstruction, since it has a smaller width due to the better
resolution. Given a continuum background, this will yield a higher signal to background
ratio (S/√B), and thus a greater discovery potential.
The exercise is repeated for values of mH = 170, 200, and 400 GeV/c2. The results are
tabulated in Table 7.1, where the widths are given in GeV/c2 and the efficiency is defined as
the percentage of events that pass the reconstruction and the kinematical constraints.
mH (GeV/c2) inner tracker muon system combined
130 2.1± 0.1 24 3.4± 0.15 23 1.7± 0.1 24
170 2.8± 0.1 47 4.0± 0.15 41 2.3± 0.1 47
200 3.9± 0.1 64 5.1± 0.15 60 3.5± 0.1 64
400 20.7± 0.8 55 22.1± 0.9 53 18.4± 0.8 55
Table 7.1: Widths (in GeV/c2) and efficiencies (in %) of the reconstructed Higgs mass peaks in the
H→ ZZ(∗)→ 4µ channel, for the inner tracker, the muon spectrometer, and the combined reconstruc-
tion. No beam line constraints were applied, and the results are after the kinematic cuts.
In all cases there is a significant improvement in the Higgs mass peak resolution, even for
mH = 400 GeV/c2 where the width of the distribution is dominated by the natural width of
the Higgs boson, compare Fig.7.1.5) The better the estimate of the track parameters, the more
effective the kinematical constraints. It is therefore that the efficiencies for the inner tracker
and combined reconstruction are higher than for the muon spectrometer. If the unmatched
track segments from the muon spectrometer are not added to the set of inner tracker track
segments, then the efficiencies for the inner tracker will be slightly lower: 23, 44, 61, and
52% respectively. The mass resolutions are not affected.
Figure 7.7 shows the results for mH = 170 GeV/c2, when the beam line/beam pipe con-
straints are applied. The results and efficiencies after the kinematical constraints for the other
values for mH are presented in Table 7.2.
mH (GeV/c2) inner tracker muon system combined
130 2.0± 0.1 24 3.4± 0.15 23 1.7± 0.1 24
170 2.5± 0.1 47 4.0± 0.15 41 2.2± 0.1 47
200 3.7± 0.1 64 5.1± 0.15 60 3.3± 0.1 64
400 19.7± 0.8 55 22.1± 0.9 53 18.4± 0.8 55
Table 7.2: Widths (in GeV/c2) and efficiencies (in %) of the reconstructed Higgs mass peaks in the
H→ ZZ(∗)→ 4µ channel, for the inner tracker, the muon spectrometer, and the combined reconstruc-
tion. A beam line constraint was applied, and the results are after the kinematic cuts.
The beam line constraint is more effective for higher Higgs boson masses. Its applica-
tion yields a larger improvement in the inner tracker stand-alone result than for the com-
bined result, where only the resolutions for the intermediate values of mH improve. At
5)The widths are not directly comparable, since the kinematical constraints select the core of the distribution
from Fig.7.1, D, which has a smaller width.
104 Higgs Boson Reconstruction
σ = 2.5 ± 0.1 GeV/c2
inner
ev
en
t c
ou
nt
 / 
G
eV
/c
2
m                 H (GeV/c2)
σ = 4.0 ± 0.13 GeV/c2
muon
ev
en
t c
ou
nt
 / 
G
eV
/c
2
m                 H (GeV/c2)
σ = 2.2 ± 0.1 GeV/c2
combined
ev
en
t c
ou
nt
 / 
G
eV
/c
2
m                 H (GeV/c2)
0
50
100
150
200
250
300
350
140 160 180 200
0
25
50
75
100
125
150
175
200
140 160 180 200
0
50
100
150
200
250
300
350
400
140 160 180 200
Figure 7.7: Four muon reconstructed invariant mass for mH = 170 GeV/c2. From left to right, the
inner tracker, the muon spectrometer, and the combined reconstruction. Beam line and beam pipe
constraints were applied and the results are after the kinematic cuts.
mH = 130 GeV/c2, the muons are too low in momentum to see an improvement, whereas
at mH = 400 GeV/c2 the result is completely dominated by the Higgs boson natural width.
There are no changes in the efficiencies.
7.3.3. Two Muons, two Electrons Final State
The electron identification used in this analysis is kept very simple. The electrons are not
affected by the reconstruction done by COBRA, thus, for this study, their identification serves
just the calculation of the four lepton invariant mass. The event samples only contain con-
fined jets from initial and final state radiation, since no background was added. Conse-
quently, the electron candidates are readily identified by applying an isolation criterion in
both η and φ. The track segments can then be matched with electromagnetic clusters based
on the calorimeter η, φ (after correction for bending in the magnetic field), and energy mea-
surements. If an isolated track segment that is not matched to a muon spectrometer track
segment points into an electromagnetic cluster, then it is assumed to originate from an elec-
tron. It is the calorimeter measurement that is used in the subsequent analysis.
The muon spectrometer track segments are propagated to the vertex and the identified
electrons are added to its set of reconstructed segments, to be able to reconstruct a Higgs
boson mass peak in the muon spectrometer. The unmatched muon spectrometer track seg-
ments are, as before, added to the inner tracker sample. After identification of the electrons,
the Higgs mass peak is again reconstructed by calculation of the invariant mass.
The results for a Higgs boson mass of 130 GeV/c2 are shown in Fig. 7.8. From these
results, no significant improvement in momentum resolution can be claimed.
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Figure 7.8: Reconstructed invariant mass for mH = 130 GeV/c2, where the final state of the Higgs
decay consists of two electrons and two muons. From left to right, the inner tracker stand-alone,
the muon spectrometer stand-alone, and the combined reconstruction. No beam line constraints were
applied and the results are after the kinematic cuts.
In order to be able to study any potential benefits from the combined reconstruction
in isolation, the analysis is repeated with the electron momenta taken from the Monte Carlo
truth information. Doing so removes the inefficiencies in the electron reconstruction, thus the
total number of events increases and the statistical uncertainties decrease. The improvement
is, however, indeed minimal: the central cores of the distributions from the inner tracker and
the combined results have the same width: 1.26 ± 0.06 GeV/c2 and 1.24 ± 0.05 GeV/c2,
respectively. Nevertheless, the combined reconstruction has, w.r.t. the inner tracker result,
moved ∼3% of the events from the non-gaussian tails into the core of the distribution.
The study is repeated formH = 230 GeV/c2, where the width of the reconstructed Higgs
boson mass peak will be less limited by the calorimeter, since its measurements improve
with increasing lepton energy. The results are tabulated in Table 7.3.
mH (GeV/c2) inner tracker muon system combined
130 2.7± 0.2 3.3± 0.2 2.5± 0.2
1.26± 0.06 2.1± 0.1 1.24± 0.05
230 5.7± 0.4 5.8± 0.5 5.2± 0.4
4.2± 0.2 5.2± 0.3 3.8± 0.2
Table 7.3: Widths (in GeV/c2) of the reconstructed Higgs mass peaks in the H→ ZZ(∗)→ 2µ2e chan-
nel, for the inner tracker, the muon spectrometer, and the combined reconstruction. For both masses,
the first result uses the electromagnetic calorimeter measurement, the second the Monte Carlo truth
information. No beam line constraints were applied, and the results are after the kinematic cuts.
The invariant mass distributions for mH = 230 GeV/c2 that were obtained with the elec-
tron track parameters from the Monte Carlo truth information are presented in Fig.7.9. There
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Figure 7.9: Reconstructed invariant mass for mH = 230 GeV/c2, where the final state of the Higgs
decay consists of two electrons and two muons. From left to right, the inner tracker stand-alone, the
muon spectrometer stand-alone, and the combined reconstruction. The electron momenta were taken
from the Monte Carlo truth information. No beam line constraints were applied, and the results are
after the kinematic cuts.
is a significant improvement in the mass resolution for the combined reconstruction.6) The
efficiencies for the inner tracker stand-alone and combined reconstruction are, again, similar
if the unmatched muon spectrometer track segments are added to the sample of inner tracker
track segments. Only for mH = 130 GeV/c2 are the muon spectrometer efficiencies lower,
due to its significantly worse resolution for low momentum muons.
Thus it is concluded that, in the H→ ZZ(∗)→ 2µ2e channel, the combined muon recon-
struction is more important for higher values of mH. This is contrary to the H→ ZZ(∗)→ 4µ
channel, where the largest improvement is obtained for lower Higgs boson masses. In both
channels, the better estimates of the track parameters do not yield higher efficiencies for
the kinematical constraints. Nevertheless, the discovery potential is increased, since, given
a continuum background, there will be more signal events in a window around the central
value for the Higgs boson mass due to the improved resolution.
6)The distributions show (roughly) the same events. They are not statistically independent.
CHAPTER 8
Summary and Outlook
All results presented in this thesis are based on Monte Carlo simulation studies of a perfect
detector. Misalignment, QCD background, etc. will affect the results from combined muon
reconstruction as presented in this thesis. Further, the Atlas detector is scheduled to start
taking data in 2007: its hardware and software are still under construction. The COBRA
package is designed to be resilient against changes in the offline software environment, but
it is not immune to it.
This chapter presents a summary of the results from the previous chapters and gives an
overview of the expected future changes and their impact on these results.
8.1. Summary of Results
The primary goal of the Atlas detector and the LHC experiment is to confirm or disprove
the Higgs mechanism, the part of the Standard Model that generates the masses for the
propagators of the weak force and the fermions. This will be accomplished by finding the
Higgs boson or by showing that its existence is really unlikely.
The most promising decay channel in which this boson could be discovered has an in-
termediate state of two Z bosons and a final state of four fermions. A large fraction of the
events from this channel that pass the event selection and reconstruction will contain muons,
since these are relatively easy to trigger on, identify, and reconstruct.
The Atlas detector contains two tracking subdetectors that record muon trajectories: the
inner tracker, just around the beam pipe in the centre of the detector, and the muon spectro-
meter, located at the outer part of Atlas. The best estimates of the track parameters of a muon
trajectory are obtained through the combination of the measurements of both trackers. Thus,
combined muon reconstruction is very important to maximise the Higgs boson discovery
potential of Atlas.
The COBRA package presented in this thesis implements a combined muon reconstruc-
tion for the Atlas detector. It does this in a highly maintainable way by means of a generic,
geometry version independent fit. The COBRA generic fit uses the geometry information
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from the simulation code to properly take into account material and magnetic field distribu-
tions. This feature is demonstrated in Chapter 6 where it is shown that the COBRA package
can be successfully used on a test beam setup of a muon chamber and a semi-conductor
tracker. In Chapter 5 it is shown that the COBRA package fits track segments in both the
inner tracker and MDT separately with a precision and accuracy that is the same or better
than the current dedicated fits for these subdetectors.
The combined reconstruction improves considerably on the results of the reconstruction
in the subdetectors stand-alone, which is also presented in Chapter 5. Starting at a muon
transverse momentum of about 20 GeV/c, the muon spectrometer contributes significantly
to the momentum resolution at the vertex. For pT ∼45 GeV/c, where both subdetectors per-
form equally well, the total improvement is maximal. The combination with the inner tracker
results decreases the tails in the muon spectrometer momentum resolution distribution, es-
pecially for higher momenta. Further, the resolution from the combined reconstruction is far
less dependent on pseudorapidity and is roughly 2% in pT.
The combined muon reconstruction is applied to simulated data, obtained from Monte
Carlo simulation of H → ZZ(∗)→ 4` events and the results are reported in Chapter 7. For
the four muon channel, there is a significant improvement of 10–20% in resolution for all
possible values of the Higgs mass. This results in an increase of the number of events in
the central core of the distribution of 3–10%. The largest improvement is obtained for lower
values of mH (∼130 GeV/c2), which are favoured by the LEP experimental data.
8.2. More Realistic Simulation and Real Events
Adding more realism to a detector simulation (misalignment, detector noise, broken detec-
tor elements) is a one-way street: the expected performance drops. For combined muon
reconstruction it is also important to know how the relative performance of the two tracking
detectors will change. Pile-up of minimum bias events will complicate the picture further,
since it is different for the respective (sub)detectors, and different again for high and low
luminosity.
The real inner tracker will contain more material than described for the one used in
the Monte Carlo simulation studies. Thus, its performance will be worse. Pile-up at high
luminosity will affect the TRT the most of all the tracking subdetectors. The TRT is, due
to its lever arm, very important for obtaining the best possible momentum resolution in the
inner tracker stand-alone. It is therefore expected that the relative importance of the muon
spectrometer for combined muon reconstruction will be larger for real data than for what is
presented here. On the other hand, the real muon spectrometer will have a lower geometrical
acceptance than described here, due to holes for services and access to the inner parts of the
Atlas detector.
The studies of Higgs boson reconstruction in the four lepton channel showed that the
resolution on the Higgs boson mass is largely determined by the inner tracker. A worse
performance of this detector will similarly affect the mass resolution. At the same time it
increases the necessity for combined reconstruction.
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The misalignment of the detector elements in the inner tracker and muon spectrometer,
respectively, will affect both trackers in a similar way and will not change their relative
importance. Misalignment of the inner tracker w.r.t. the muon spectrometer is expected to
have only a minimal impact on the combined muon reconstruction. In fact, the combined
reconstruction itself determines the quality of the misalignment corrections.
8.3. Towards 2007
The work on the COBRA package begun at a time when Atlas had just started to move away
from a traditional algorithm based implementation of the offline software. Steps were and
are made towards an object oriented approach with a new application framework, and new
database, simulation, detector description, etc. software. The expectation is that this effort
will lead to more maintainable software. Considering the long lifetime of the experiment,
this is very important. The new software is maturing and is replacing the ‘old’ software, but
the transition is far from complete. The COBRA package has therefore been developed and
tested within the still current ‘old’ software environment.
There are three main changes that will affect the COBRA code:
• The use of the new application framework (ATHENA).
• Modifications in the interfaces to the pattern recognition output.
• The replacement of GEANT3 by GEANT4 as the simulation framework.
By design, changes in the detector layout do not require changes in the COBRA code: it
is ‘shielded’ from those by the pattern recognition and simulation packages. It is unlikely
that the full pattern recognition output is stored in the database, thus the track segment and
hit information is obtained directly1) from the pattern recognition. The detector description
information is obtained through the simulation. This is the most natural approach, since
the propagation code uses the tracking routines of the simulation framework. These design
decisions remove the need for an interface to the database software.
The new application framework, ATHENA, is designed to be non-intrusive. In the mini-
mal case it is no more than a steering entity that allows the user to set the calling sequence for
the individual software packages. But ATHENA also formalises the interfaces between pack-
ages, the setting of datacards, run logging, access to services, etc. The fact that the COBRA
package uses its own homegrown facilities does not prevent it from being run in ATHENA,
but it is clear that a move to the standard facilities is desirable. Especially the interfaces to
the pattern recognition should use the so-called transient data store (Calafiura et al., 2001).
The current interfaces to the pattern recognition packages need only little maintenance,
since the requirements have been fixed and are unlikely to change. For these interfaces, main-
tenance should range from recompilation to updating the names of function calls. Eventually,
1)Or equivalently, through a transient store, which in that case acts like a formalised interface.
110 Summary and Outlook
the TDS should be used inside ATHENA. This is one major step, after which maintenance
should be minimal again.
The by far largest impact will come from the move to the new simulation software. It
is possible to reconstruct data whilst using an older detector description, but the strength of
the COBRA method comes from the use of the detailed detector geometry from the simula-
tion. Thus, the new simulation software will require a reimplementation of the propagator
code. This can be done without modification of the core part of COBRA, but is nonetheless a
significant amount of work.
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Summary
The Standard Model is a successful description of the interactions between elementary par-
ticles. It incorporates the so-called Higgs mechanism to generate the masses of the propaga-
tors of the weak force and the fermions, without breaking the predictive power of the theory.
In the Higgs scenario, particles acquire mass through the interaction with an omni-present
Higgs field. However, the Higgs mechanism has not yet been established experimentally.
If the Higgs field exists, then it can be detected through its excitation that is manifest as a
massive particle known as the Higgs boson. The mass of the Higgs boson (mH) is not pre-
dicted by the theory, but it should be less than ∼1 TeV/c2 based on theoretical and higher
than ∼100 GeV/c2 from experimental considerations.
The Higgs boson is not stable. It will decay preferentially into heavy particles, because
the strength of the Higgs boson coupling to another particle is proportional to the mass of
the latter. The decay into two Z bosons, with each Z boson subsequently decaying into a
lepton pair (electrons or muons), is the most promising decay channel for a discovery over
most of the range of possible values of the Higgs boson mass, because of the relative ease of
experimental detection. This channel is therefore referred to as the ‘Golden Channel.’
The Large Hadron Collider (LHC), a 14 TeV proton-proton collider that is currently un-
der construction at the CERN site, near Geneva, is designed to scan the full range of all pos-
sible Higgs boson masses. The extreme conditions set by the LHC mandate the design and
construction of completely new detectors, one of which is Atlas (an acronym for ‘A Toroidal
LHC ApparatuS’). Data taking is foreseen to start in 2007. Atlas is a general purpose de-
tector designed for excellent lepton identification and reconstruction, thus maximising the
discovery potential in the ‘Golden Channel.’
The Atlas detector has two tracking detectors, the inner tracker, located on the inside,
and the muon spectrometer, on the outside of the calorimeter. A muon with sufficient energy
will traverse both the inner tracker and the muon spectrometer. The best estimate of the
trajectory parameters of such a muon are obtained through reconstruction of its track from
the measurements of both tracking detectors combined. This combined muon reconstruction
benefits from the large lever arm of the muon spectrometer and the accurate directional
information from the inner tracker.
A software package, ‘COmBined muon Reconstruction for Atlas’ (COBRA) has been
developed to perform the combined reconstruction of muons in the two tracking detectors of
Atlas. This thesis describes the principals, the design, and the implementation of the COBRA
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package, and it presents the results of the Monte Carlo simulation studies that assess its
expected physics performance.
The COBRA package assembles the particle trajectories from the pattern recognition in
the inner tracker and the muon spectrometer. It then performs a refit in both the inner tracker
and the muon spectrometer, after which the track segments are extrapolated through the
calorimeter, while taking into account bending due to the magnetic field, an average energy
loss, and changes to the covariance matrix because of multiple scattering and energy loss
fluctuations. The package then attempts to match the extrapolated segments and it constructs
global tracks from the pairs that match well. These global tracks are fitted, which yields the
best estimate of the track parameters on every point along the particle trajectory.
COBRA implements a generic trajectory fit algorithm based on mathematical abstractions
of the measurements. The advantage of this approach is that the same reconstruction code
can be used for both tracking detectors stand-alone, as well as for the combined, global fit.
Furthermore, the code becomes effectively independent of different versions of the geomet-
rical layout of the detector, which makes it robust in its use and relatively easy to maintain.
The results of the generic fit are compared to those of the dedicated fits from the pat-
tern recognition in the respective trackers. It is found that the performance of COBRA is
equal to or even better than the relevant dedicated fit. The results of the combined muon
reconstruction are considerably better than the stand-alone results. This is especially true
in the end-cap sections, where the strength of the solenoidal magnetic field in the inner
tracker drops considerably, resulting in a low resolution for the inner tracker stand-alone.
The tracking detectors have a similar performance for their estimates of the track parameters
on the vertex for muons with a transverse momentum of pT ∼45 GeV/c. The largest im-
provement is therefore obtained for muons with a transverse momentum in a range, roughly
30 GeV/c < pT < 60 GeV/c, around this value. For high momentum muons, the combined
reconstruction is still beneficial even though the performance of muon spectrometer is much
better than that of the inner tracker for these muons. The global fit recovers some lost preci-
sion from the uncertainty on the energy loss in the calorimeter, thereby reducing the tails in
the momentum resolution distribution as measured by the muon spectrometer.
The particle track propagation and the geometry independence of the COBRA package are
explicitly tested on test beam data that was taken during the Autumn of 1999. The test beam
setup, which primary components are an Atlas muon spectrometer prototype drift chamber
and a silicon telescope, contains no magnetic field and is relatively simple, compared to the
full Atlas detector. Blocks of additional scatterer material were placed in the beam line for
the tests of the track propagation. The COBRA reconstruction is applied to both real and
simulated test beam data. The results of the reconstruction of the former are compared to the
results of a linear fit, which does not take the additional material into account. The COBRA
track propagation, stand-alone track reconstruction, and combined track reconstruction work
properly, thus proving the validity of the implementation of the generic fit.
The combined muon reconstruction is expected to improve the discovery potential in
the ‘Golden Channel.’ This is assessed by means of Monte Carlo simulation studies of
the H→ ZZ(∗)→ 4µ and H→ ZZ(∗)→ 2µ2e channels, where the invariant mass of the final
state leptons is used to reconstruct the Higgs boson mass. The combined result yields a
Summary 117
considerably better mass resolution for all values of mH in the four muon decay channel,
but only marginally so for the two electron, two muon channel. For the latter, combined
reconstruction becomes more important for higher (> 200 GeV/c2) values of mH, whereas
for the former it has the largest impact for lower (130–170 GeV/c2) values of the Higgs boson
mass. An additional, but minor, improvement on the resolution is obtained by the application
of a beam line constraint, which works best for higher values of mH (> 170 GeV/c2), but is
ineffective if the width of the Higgs mass distribution is dominated by the natural width.
For both channels and for all values for mH, there are more events in the central core
of the Higgs mass distribution (3–10%), in addition to the smaller width of the mass peak.
Given a continuum background, this will result in a better signal to noise ratio, which makes
it easier to obtain a statistically significant signal from the data.
The Atlas detector was simulated as a perfect detector for the studies that are presented
here and the simulation did not contain background nor minimum bias events. However,
it is expected that imperfections and background events will only strengthen the need for
combined muon reconstruction.
Data taking will start in 2007 and the COBRA package needs to incorporate the changes in
the Atlas offline software environment that will occur in the meantime. The most important
change is the move to the new simulation software. All other changes have relatively minor
impact because of the generic fit, which considerably eases any transitions.

Samenvatting
De elektromagnetische, zwakke en sterke wisselwerkingen tussen elementaire deeltjes wor-
den beschreven door het zogeheten Standaard Model. Een onderdeel van het Standaard
Model is het ,,Higgs mechanisme,” dat het mogelijk maakt om massa’s toe te kennen aan de
dragers van de zwakke wisselwerking, de Z en W± bosonen, en aan de fermionen, zoals het
elektron en de quarks. Via het Higgs mechanisme kan dat zonder dat daarmee de voorspel-
lende waarde, en daarmee de bruikbaarheid, van de theorie teniet gedaan wordt. Deeltjes
verkrijgen hun massa in het Higgs scenario, door hun wisselwerking met een alomvattend
Higgs veld. Het Higgs mechanisme is echter nog niet experimenteel bevestigd. Als het
Higgs veld bestaat, dan kan het gevonden worden door de excitatie van het veld die zich uit
als een zwaar deeltje: het Higgs boson. De massa van het Higgs boson (mH) wordt echter
niet door de theorie voorspeld, maar deze moet minder zijn dan ∼1 TeV/c2, op basis van
theoretische, en meer dan ∼100 GeV/c2, op basis van experimentele gronden.
Het Higgs boson is niet stabiel en vervalt bij voorkeur naar paren van zware deeltjes,
zoals het top-quark, het Z boson of het W± boson, omdat de koppelingssterkte van het Higgs
boson aan andere deeltjes evenredig is met de massa van dat andere deeltje. Een mogelijk
verval scenario (of kanaal) is het verval naar twee Z bosonen, waarbij vervolgens elk Z boson
naar een lepton paar (elektronen of muonen) vervalt. Dit is het meest belovende kanaal voor
een ontdekking over vrijwel het gehele bereik van mogelijke waarden van de Higgs boson
massa, omdat experimentele waarneming in dit kanaal relatief gemakkelijk is. Dit kanaal
wordt daarom ook wel het ,,Gouden Kanaal” genoemd.
De Grote Hadron Botser (LHC, naar het Engelse ,,Large Hadron Collider”), een 14 TeV
proton-proton versneller die momenteel gebouwd wordt op het CERN, vlakbij Gene`ve, is
ontworpen om het volle bereik van mogelijke Higgs boson massa’s af te zoeken. LHC is een
ringvorminge versneller die bundeltjes van protonen op elkaar botst op specifieke punten
waar detectoren opgesteld staan. De extreme omstandigheden die de LHC oplegt, vereisen
de ontwikkeling en bouw van volledig nieuwe detectoren, waarvan Atlas (een acroniem
voor het Engelse ,,A Toroidal LHC ApparatuS”) er e´e´n is. De verwachting is dat er vanaf
2007 data genomen kan worden. Atlas is een detector voor algemene toepassingen, speciaal
ontwikkeld met uitstekende lepton identificatie en reconstructie als doel, om op die manier
de grootst mogelijke ontdekkingskans in het Gouden Kanaal te verkrijgen.
De Atlas detector heeft twee subdetectoren die sporen van deeltjes meten. Dit zijn de
binnenste tracker, die zich binnenin de calorimeter bevindt, en de muon spectrometer, die de
calorimeter volledig omvat. Een muon met voldoende energie zal zowel de binnenste tracker
alsook de muon spectrometer doorkruisen en een spoor van meetpunten achterlaten. Omdat
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het muon geladen is en de subdetectoren zich in een magneetveld bevinden zal het spoor
gekromd zijn. De impuls van het muon kan vervolgens bepaald worden door de parameters,
onder andere de kromming, van het spoor te bepalen. De beste afschatting van deze parame-
ters wordt verkregen door het combineren van de metingen van deze beide subdetectoren.
Deze gecombineerde muon reconstructie profiteert zowel van de afmetingen van de muon
spectrometer, zodat kleinere krommingen gemeten kunnen worden, als van de nauwkeurige
hoekmetingen van de binnenste tracker.
Het COBRA software pakket (een acroniem voor het Engelse ,,COmBined muon Recon-
struction for Atlas”) is speciaal ontwikkeld voor de gecombineerde reconstructie van muo-
nen in de binnenste tracker en de muon spectrometer van Atlas. Dit proefschrift beschrijft
de principes, het ontwerp en de implementatie van het COBRA pakket en het presenteert de
resultaten van de Monte Carlo simulatie studies die gebruikt zijn om de kwaliteit van de
resultaten van COBRA te beoordelen.
COBRA construeert de sporen van deeltjes uit de informatie die het verkrijgt van de pa-
troonherkenningsprogramma’s in de binnenste tracker en de muon spectrometer. Vervolgens
fit het pakket deze sporen opnieuw en extrapoleert de resultaten door de calorimeter heen.
Hierbij worden de afbuiging in het magneetveld, een gemiddeld energieverlies en verande-
ringen in de covariantie matrix, die de onzekerheden op de parameters van het spoor en hun
correlaties vastlegt, als gevolg van veelvoudige verstrooiing en schommelingen in het ener-
gieverlies meegenomen. Het pakket probeert daarna de sporen bij elkaar te passen op basis
van de gee¨xtrapoleerde parameters en de bijbehorende covariantie matrices. Van de spo-
renparen die goed bij elkaar passen worden globale sporen gemaakt. Deze globale sporen
worden gefit om op die manier de beste afschatting van de hun parameters te bepalen op elk
punt van het muon traject.
Het COBRA pakket implementeert een generiek fit algoritme dat gebaseerd is op wiskun-
dige abstracties van de metingen. Het voordeel van deze aanpak is dat dezelfde reconstructie
code gebruikt kan worden voor de spoorsegmenten in beide subdetectoren afzonderlijk en
voor de fit van de gecombineerde, globale sporen. Op deze manier wordt de code effec-
tief onafhankelijk van de versie van de verschillende detectorgeometrie¨n, wat het robuust in
gebruik en relatief gemakkelijk te onderhouden maakt.
De resultaten van de generieke fit worden vergeleken met die van de applicatie specifieke
fits van de patroonherkenning in elk van de subdetectoren. Het blijkt dan dat de kwaliteit van
de COBRA resultaten gelijk of zelfs beter is dan die van de relevante specifieke fit. De resulta-
ten van de de gecombineerde muon reconstructie zijn behoorlijk wat beter dan de resultaten
van de reconstructie in de afzonderlijke subdetectoren. Dit is vooral waar in de zij-gedeelten
van Atlas, waar de sterkte van het solenoı¨dale magneetveld in de binnenste tracker sterk af-
neemt, wat een slechte resolutie voor de binnenste tracker afzonderlijk als gevolg heeft. De
parameter afschatting uit de metingen van de beide subdetectoren zijn van ongeveer gelijke
kwaliteit voor muonen met een transversale impuls, dat wil zeggen een impuls loodrecht op
de bundellijn, van pT ∼45 GeV/c. De grootste verbetering wordt daardoor verkregen voor
muonen met een transversale impuls in een gebied, ruwweg 30 GeV/c < pT < 60 GeV/c,
rondom deze waarde. De gecombineerde reconstructie is ook nuttig voor muonen met een
hoge impuls, ondanks het feit dat voor zulke muonen de kwaliteit van de muon spectrometer
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resultaten veel beter is dan die van de binnenste tracker. De globale fit herstelt een deel van
de verloren precisie van de onzekerheid op het energieverlies in de calorimeter en vermindert
daarmee de staarten in de impulsresolutie zoals gemeten door de muon spectrometer.
De spoorpropagatie en de onafhankelijkheid van geometrie-versies van het COBRA pak-
ket is expliciet getest door middel van testbundeldata die genomen zijn gedurende de herfst
van 1999. De testbundelopstelling, waarvan de voornaamste onderdelen een prototype van
een Atlas muon spectrometer driftkamer en een silicium telescoop waren, was niet in een
magneetveld geplaatst en is daarom relatief simpel in vergelijking met de volledige Atlas
detector. Blokken van extra verstrooiingsmateriaal werden in de bundellijn geplaatst om de
spoorpropagatie te kunnen testen. De COBRA reconstructie is toegepast op zowel de echte
alsook op de gesimuleerde testbundeldata. De resultaten van de reconstructie van elk van
deze datasets is vergeleken met de resultaten van een lineaire fit, welke geen rekening houdt
met het extra verstrooiingsmateriaal. De COBRA spoorpropagatie, de afzonderlijke spoorre-
constructie en de gecombineerde spoorreconstructie werken alle naar behoren, waarmee de
geldigheid van de implementatie van de generieke fit bewezen is.
De verwachting is dat de gecombineerde muon reconstructie de kans op een ontdekking
in het Gouden Kanaal verhoogd. Dit is beoordeeld door middel van Monte Carlo simulatie
studies van de H→ ZZ(∗)→ 4µ en H→ ZZ(∗)→ 2µ2e kanalen, waarbij de invariante massa
van de eindtoestandleptonen gebruikt wordt om de Higgs boson massa te reconstrueren. Het
resultaat van de gecombineerde reconstructie levert een fors betere massa-resolutie voor alle
waarden van mH in het vier-muon kanaal, maar slechts een marginale verbetering in het
kanaal met twee elektronen en twee muonen in de eindtoestand. Voor deze laatste wordt ge-
combineerde reconstructie belangrijk voor hogere (> 200 GeV/c2) waarden van mH, terwijl
voor de eerste de verbetering juist groter is voor lagere (130–170 GeV/c2) waarden van de
Higgs boson massa. Een extra, hoewel kleine, verbetering op de resolutie wordt verkregen
door te eisen dat alle deeltjes uit e´e´n punt van de bundellijn komen. De toepassing van deze
voorwaarde werkt het beste voor hogere waarden van mH (> 170 GeV/c2), maar levert niets
op wanneer de breedte van de Higgs boson massa verdeling gedomineerd wordt door de
natuurlijke breedte.
Voor beide kanalen en voor alle waarden van mH zijn er meer gebeurtenissen in het
centrale gebied van de Higgs boson massa verdeling (3–10%), bovenop de smallere massa
piek. Gegeven een continue achtergrond zal dit leiden tot een betere signaal-ruis verhouding,
waardoor gemakkelijker een statistisch significant signaal uit de data verkregen wordt.
In de studies die hier gepresenteerd zijn was de Atlas detector gesimuleerd als een per-
fecte detector en waren er noch achtergrond- noch overlappende gebeurtenissen toegevoegd.
Het valt echter te verwachten dat imperfecties en achtergrondgebeurtenissen het belang van
gecombineerde muon reconstructie alleen maar versterken.
De metingen met Atlas zullen pas starten in 2007 en het COBRA pakket zal zich moeten
aanpassen aan de veranderingen in de Atlas software omgeving, die zich in de tussentijd
zullen voordoen. De belangrijkste verandering is de stap naar de nieuwe simulatie software.
Alle andere veranderingen zullen een relatief klein effect hebben vanwege de generieke im-
plementatie van de fit, welke het gemakkelijk maakt om veranderingen te volgen.

Nawoord
Dit proefschrift is een afsluiting van een vierjarig onderzoek. Het kan altijd gedetailleerder,
mooier, beter en dat geldt zeker in het geval van een proefschrift in de context van Atlas,
aangezien het LHC experiment nog moet beginnen. Het laatste hoofdstuk gaf een globaal
overzicht van de verwachte veranderingen in de tussentijd en het is duidelijk dat het hier
gepresenteerde werk een open einde heeft. Wellicht is dat wel de reden dat ik opnieuw
voor Atlas gekozen heb, ondanks het feit dat Atlas niet echt de reputatie van een gezellige
collaboratie heeft. Dat laatste is echter voor een groot deel wat je er zelf van maakt en met
de keuze voor LBNL ben ik in een erg prettige werkomgeving terecht gekomen.
Op CERN was het ook altijd goed toeven, met dank aan kamergenoten Martin en Simon
voor de goede sfeer, leerzame discussies (drie fysici in een kantoor en het bord altijd gevuld
met software gerelateerd materiaal!) en morele ondersteuning wanneer er weer eens laat
doorgewerkt werd. During my stay at CERN and visits there, after I had returned to Nij-
megen, I enjoyed valuable input for my work and sometimes on a more personal level from
Alan, Arnold, Giorgos, Jean-Francois, Leandro, and Oliver. I’m looking forward to continue
working with you guys!
Maar er was natuurlijk meer dan werk alleen: films, feestjes, etentjes, een verdwaald
popconcert enz. Simon, Henric, Michiel, Bert, Tanja, Martin W., Ann, Sandra, Robert,
Martin B., Cathelijne, Rutger, Ivo, Martijn, Frank ... dank voor de gezelligheid! Et je
voudrais aussi remercier Charlotte et Thomas pour leurs bonnes attentions pendant mon
se´jour en France, meˆme si je ne sais pas me convaincre de boire des boissons alcoolise´es en
fait partie. Mercis pour le bon barbecues et dıˆners!
Terug in Nijmegen, weg van CERN, loop je dan een beetje verloren. Maar er was Charles
om, met zijn lichtjes cynische blik op het leven (en Atlas), aan te tonen dat het allemaal zo
erg nog niet is. Ook heb ik er, samen met Wes, kunnen genieten van de ijver van enthousiaste
studenten, het zijn de kleine dingen die het ’m doen. Diverse bekende gezichten, nog van
CERN, een aantal nieuwe en een nieuwe promotor.
Inmiddels was ik helemaal om: ik ben een software engineer en geen natuurkundige.
Silke, Michiel, Henric, Bert, Adriaan, Sijbrand ... dank voor het nog enigszins op peil hou-
den van mijn natuurkunde-kennis. Erik, je aanwezigheid als klankbord is erg gewaardeerd.
Ed, altijd klaar met een bak koffie, Jaap, met zijn groene vingers, Rafael, nice chatting
and playing ping-pong with you, Peter, ,,bon courage!”, Frans R., de bridge-avonden wa-
ren gezellig, Hannie, Marjo, altijd behulpzaam en vrolijk, en natuurlijk het zonnetje van de
afdeling: Annelies! Jolanda, Bram, Axel, Jorn, Jan K., Martin, Thei, Cees, Jan D., Yuan,
Dominique, Wolfram, Frans C., fijn dat jullie er waren!
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Voor zowel op het badmintonveld als daarbuiten, Louis, Jon, Carla, Michel, Vera, Karin,
Roger ... dankzij jullie kwam ik erachter dat Nijmegen toch nog best een mooie plaats is en
kon ik van tijd tot tijd ,,het boekje” uit mijn hoofd zetten. En zolang ik nog kan nagenieten
van mijn laatste competitiewedstrijd zal ik zeker nog aan jullie denken!
Dan realiseer ik mij dat het mij toch nog gelukt is om mijn proefschrift voor het jouwe
af te ronden, Remko. Zo zie je maar, de eersten zullen de laatsten zijn. Ik mis de kartbaan
vlakbij Leiden (N11, dank Bartjan) nu al.
Ria, bedankt dat je er altijd was en nu dat mijn thesis eindelijk klaar is, zal ,,Fragaria”
vast ook nog een wel keertje af komen. Zet de koffie maar vast klaar, 11 uurtjes vliegen
is niet zo ver. Tenslotte, belangrijkste van allemaal, voor het uit handen nemen van veel
rompslomp en problemen, voor jullie hulp, goede zorg en gastvrijheid wanneer dat nodig
was: beste ouders, dank jullie wel!
Wim Lavrijsen Berkeley, maart 2002
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